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ABSTRACT 
Physical and Numerical Dynamic Response Modeling of Slopes and Embankments 
Fatma Ozkahriman 
Prof. Joseph Wartman 
 
This research involves a physical model-based experimental study, along with numerical 
simulations, to investigate (i) the applicability and validity of established 1-g similitude laws 
(ii) the repeatability and reliability of 1-g physical modeling technique, and (iii) the effects of 
topographic amplification on the overall dynamic response of slopes and embankments. 
The “modeling-of-models” method was employed to investigate the validity and applicability 
of established similitude laws for 1-g physical modeling technique. In the modeling-of-
models experimental study, model tests of a prototype were conducted at different scaling 
factors.  The modeling-of-models experimental study including three small-scale laboratory-
built slopes comprised of model clay conducted under static loading.  Additionally, three 
shake table tests of laboratory-built model clay embankments were conducted under a suite of 
ground motions including both synthetic and recorded earthquake motions that varied in 
frequency, duration and amplitude.  The largest respective models from these two sets of 
experiments were considered as the “prototype" and the other two smaller models’ geometry, 
strength, low-strain dynamic properties and frequency content of the input motions were 
adjusted by applying 1-g similitude laws to reflect the reduced scale of “prototype".   
The repeatability of 1-g physical modeling technique was investigated for dynamic and static 
loading conditions by performing two small-scale model tests under identical conditions.  
Possible sources of uncertainty arising from the model construction process, soil preparation, 
variation in soil properties as well as boundary conditions were investigated.  The physical 
modeling technique was found to be well controlled, and soil preparation and model 
construction has a very limited impact on the results. The inherent variation of soil properties 
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(water content, undrained shear strength and shear wave velocity) was negligibly small.  The 
main source of uncertainty in 1-g physical modeling tests pertained to the boundary 
conditions. 
The effects of surface topography of slopes and embankments on overall dynamic response 
was investigated by conducting shaking table tests on cohesive embankment models with 
different slope inclinations coupled with numerical simulations using two-dimensional finite 
difference program FLAC.  A previously performed centrifuge test of a clean sand model 
embankment was studied to examine differences in the patterns of topographic amplification 
in cohesive and granular materials.   
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CHAPTER 1: INTRODUCTION 
1.1 Overview 
Moderate to large magnitude earthquakes trigger hundreds to thousands of slope stability failures 
and landslides in coherent masses (Keefer, 1984). In many cases, earthquake-induced landslides 
have a detrimental impact on the serviceability of slopes by damaging nearby structures, 
roadways, utilities, power lines and communication networks. However, in some cases the 
seismically induced slope deformations are not sufficient to be a treat to life safety, but economic 
costs to rectify the damaged structures to their pre-earthquakes condition can be significant. In 
many earthquakes, financial losses directly attributed to earthquake-induced landslides have 
equaled or exceeded the combined losses from all other seismic hazards (Kramer, 1996).  
Recognizing the importance of this problem, researchers have analyzed seismic slope stability 
using a range of procedures. The earliest of these were simple factor of safety (FOS) calculations. 
During the 1950’s and 1960’s, the very basic simple FOS procedure evolved into more complex 
displacement-based analyses. One of the most common analyses to estimate seismically induced 
permanent deformations in slopes and embankment is the Newmark (1965) rigid block procedure. 
Following the Newmark procedure, other modified sliding block analyses  have been proposed 
[e.g., Sarma (1975), Lemos and Coelho (1991), Lin and Whitman 1986, Yegian et al. 1991, Tika-
Vassilikos et al. (1993), Yan et al. (1996), Houston et al. (1987), Matasovic et al. (1997), and 
Jibson (1993)]. The other well known analytical procedure used in seismically-induced 
deformations in slopes, dams, embankments is Makdisi and Seed (1978) “decoupled” analysis, 
which includes computation of the average acceleration of slide masses by the Chopra (1966) 
method, and subsequent sliding block analysis using the average acceleration-time history as the 
input motion. In recent years, considerable efforts have been focused on “coupled” procedures, 
which couple dynamic and sliding response of slopes [e.g., Lin and Whitman (1986), Chopra and 
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Zhang (1991), Gazetas and Uddin (1994), Kramer and Smith (1997), Rathje and Bray (1999, 
2000)]. 
In last 15 to 20 years, accuracy of analytical procedures (i.e., “sliding block”, “decoupled” and 
“coupled”) developed for estimating the seismically induced permanent deformations in earth 
structures analysis have been investigated using physical modeling techniques and numerical 
simulations [e.g., Harp and Jibson (1995), Rathje and Bray (1999), Kramer and Smith (1997), 
Wartman et al. (2003)]. Due to a relative lack of well-documented case histories, only a few 
researchers [e.g., Wilson and Keefer (1983), Jibson and Harp (1996)] have evaluated the accuracy 
of analytical procedures with actual slopes deformations. 
It is common practice that geotechnical engineers working on seismic stability of slopes, dams, 
embankments and landfills perform deformation-based analyses; mostly “rigid block” and 
“decoupled” procedures. In rare cases, practitioners employ advanced numerical simulations; 
non-linear approaches using finite element (FEM) or finite difference (FDM) software. 
1.2 Problem Statement and Motivation 
Recognizing the importance of the seismic stability of earth structures, researchers have been 
made valuable contributions for understanding dynamic behavior of earth structures, mechanisms 
of earthquake-induced deformation in slopes and embankments, estimation of permanent 
earthquake-induced deformation, and studying slope deformations related to rockfall, liquefaction 
and cyclic mobility during seismic events. Despite previous and ongoing research in seismic 
slope stability and earth structures, this topic remains one of the most significant problems in 
geotechnical engineering and there are still some areas need further research and attention. In 
particular, the effects of topography on seismic performance of slopes and embankments, 
including consideration of amplitude and frequency characteristics of strong ground motion 
during seismic events, remain limited. 
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Observations from moderate to large magnitude seismic events have shown that buildings located 
near the tops of hills, ridges and canyons; suffer more intensive damage than those located at the 
base of the slope [e.g., Ashford and Sitar (1994, 1997), Assimaki et al. (2004), Gazetas (2001), 
Hartzell et al. (1994), Pedersen et al. (1994), Shakal et al. (1988, 1994), and Spudich et al. 
(1996)]. Recordings from temporary accelerometers placed on and along the slopes and ridges 
after the mainshock or records from permanent arrays placed to monitor micro-tremors have been 
used as the basis of topographic amplification [Hartzell et al. (1994), Pederson et al. (1994)]. This 
has led to a number of low intensity ground recordings of slope response. Unfortunately, there 
exist very few large magnitude recordings for which soil nonlinearity may be important. 
Furthermore, results from instrumental studies on weak motion data or ambient noise may not be 
applicable to describe topography effects for strong ground shaking, which is usually associated 
with inelastic soil response. Topographic amplification is further complicated when amplification 
occurring from soil nonlinearity also need to be considered. There are relatively few field 
recordings of this phenomenon, hence researchers have traditionally relied upon numerical 
simulation techniques such as finite element and finite difference analyses to study topographic 
effects [e.g., Sitar and Clough (1983), Ashford and Sitar (1994, 1997), Ashford et al. (1997), 
Gazetas (2001), Assimaki et al. (2004), Assimaki and Gazetas (2004), Bouckovalas and 
Papadimitriou (2004, 2005)]. Yet, these numerical simulations are not calibrated with physical 
modeling or real field recordings. In absence of such well documented case studies and calibrated 
numerical simulations of this phenomenon, and as such, topographic amplification is still not 
completely understood. Therefore, an alternative simulation technique, physical modeling is a 
powerful and largely overlooked approach for studying the influence of topography on ground 
motion. Despite few recent studies [e.g., Madabbushi et al. (2002), Yu and Lee (2002)] have used 
high-g physical modeling to investigate topographic effects in seismic stability of the steep slopes 
of granular soil, there is no detailed studies to evaluate topographic effects in seismic stability of 
the steep slopes of cohesive slopes by 1-g physical modeling technique, shaking table models. 
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While various analytical procedures have been used to study the seismic response of earth 
structures, in recent years, numerical solutions and physical modeling have become increasingly 
popular in solving seismic slope stability problems. Numerical simulations have enabled 
modeling of complex physical systems with complex constitutive descriptions of material 
behavior and boundary conditions. Validation and calibration of available numerical models have 
been studied by comparing these with instrumented small-scale laboratory models (i.e., physical 
modeling technique). These are seeing growing use in the geotechnical community for studying 
complex earth systems and the effects of extreme, but rare events. With this technique, small-
scale physical models of larger prototype geotechnical structures (e.g., foundations, dams, 
retaining walls) are built in a laboratory and tested under controlled and carefully monitored 
conditions. Physical modeling technique offers many advantages for engineers such as; 
simulating complex geotechnical systems and gaining insight into the fundamental mechanisms. 
And also it can be used as calibration benchmarks for analytical and numerical methods. For 
physical model tests to be meaningful, having sets of scaling relations that relate the small-scale 
model and the prototype behavior is necessary. Sets of scaling relations (i.e., similitude laws) 
must be established between stresses and strains in the model and prototype.  Established 
similitude laws developed for 1-g and high-gravity testing environment are based on the 
similarity between the model and prototype with respect to geometry, force and time [e.g., 
Clough and Pirtz (1956), Roscoe (1968), Iai (1989)]. While there is a sound theoretical basis for 
these scaling factors, experimental verification is nevertheless required to fully validate 
established similitude relationships. 
Like any other analyses methods, successful physical modeling technique should generate reliable 
and repeatable quantitative data. Owing largely to cost and time constraints, only several 
researchers repeated model tests to assess the reliability and repeatability of high-gravity physical 
modeling test [e.g., Corte et al. (1988), Arulanandan et al. (1994), Fragaszy et al. (1994)]. While 
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there are some research efforts investigating the repeatability and reliability of high-g physical 
modeling techniques, centrifuge modeling, there is no known laboratory study conducted to 
assess the reliability and repeatability of 1-g physical modeling, shaking table models. 
1.3 Objectives and Scopes 
In the light of problem statement and motivation discussed in the previous section, this research 
has been structured around the following objectives: 
1) To investigate the applicability and validity of established physical modeling scaling relations 
for 1-g environment using “modeling-of-models” concept. 
2) To assess the reliability and repeatability of 1-g physical modeling technique. 
3) To study the effects of topography on overall seismic performance of slopes and 
embankments by using 1-g physical modeling technique in combination with numerical 
modeling. 
4) To study the topographic amplification in cohesionless slopes and embankments by studying 
previously performed centrifuge model test. And to document, if any, the difference in the 
patterns of topographic amplification in cohesive and granular materials by comparing the 
topographic amplification in 1-g physical model test and centrifuge model test.  
5) To present the affects of various earthquake loading conditions (ground motion duration, 
intensity, frequency content etc.) and surface topography (slope inclination and slope height) 
on topographic amplification. 
6) To compile and develop a database of well instrumented, high quality “model-scale” shake 
table tests of cohesive soil embankments for future calibration of exiting numerical models. 
This research uses physical and numerical modeling in parallel to achieve these objectives within 
the following scope of work. 
6 
  
1) Review of available published literature and research studies on similitude rules (i.e. scaling 
laws developed for 1-g physical modeling technique), “modeling-of-models” concept, and 
shaking table testing method. 
2) Performing small-scale model tests of cohesive slopes and embankments for experimental 
verification of 1-g similitude laws under static and dynamic loading conditions. 
3) Demonstrating possible sources of uncertainties on 1-g physical modeling technique and 
repeatability of this modeling method. 
4) Compilation of available analytical, numerical and experimental studies on topographic 
amplification. 
5) Shake table testing of cohesive soil model embankments with various slope inclinations and 
under various ground motions. 
6) Numerical calibration of shaking table tests, and investigation of topographic amplification 
with physical modeling and numerical modeling techniques. 
1.4 Thesis Structure 
Brief information on available analyses methods on the seismic response of slopes and 
embankments and on the importance of the studies on seismic behavior of earth structures are 
presented in Chapter 1.  Further research needs in seismic slope stability are discussed and 
problem statement are defined. The objectives and scopes of the proposed research are also 
presented in Chapter 1.  
Chapter 2 includes a comprehensive literature review on similitude laws developed for 1-g testing 
environment (i.e., shaking table) and summarizes theoretical background of scaling laws.  This 
chapter addresses other researchers’ studies includes 1-g physical modeling technique as such, 1-
g physical modeling is used as a primary research method in this research. 
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Following the literature review on similitude laws and 1-g physical modeling techniques, Chapter 
3 reports the experimental study on the verification of the similitude laws by using a “modeling-
of-models” concept. Experimental test plan and details of “small-scale” 1-g physical models 
included in the study are presented. Details of shaking table, instrumentation and data acquisition 
system are also summarized in the chapter. Results of experimental 1-g model tests performed on 
small-scale cohesive slopes and embankments under static and dynamic loading conditions are 
presented in Chapter 3.  
A series of 1-g physical model tests were conducted under dynamic and static loading conditions 
for studying the repeatability and reliability of physical modeling technique and the results are 
presented in Chapter 4. Uncertainties related to boundary conditions, shaking table excitation 
level, model material properties such as; water content, undrained shear strength, shear wave 
velocity are discussed in the chapter.  
Chapter 5 presents previous and ongoing studies’ findings on effects of topography on seismic 
response of slopes and embankments. It summarizes the limitations of available research’s 
methods including uncalibrated numerical simulations and limited field recordings. 
Following the literature review, Chapter 6 presents the detailed findings of a shaking table model 
test on topographic amplification from physical modeling perspective. One-g physical modeling 
is a unique technique to investigate the effects of topography on seismic response of earth 
structures since it provides fully defined “model scale” case studies. The effects of various 
earthquake loading conditions (ground motion duration, intensity, frequency content etc.) and 
surface topography (slope inclination and slope height) on topographic amplification are also 
addressed in the chapter.  Experimental results presentation will be followed by numerical 
simulation of the shaking table test and comparison of numerical and physical model simulations’ 
results. 
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Chapter 7 presents the observed topographic amplification in the centrifuge model test, which 
was previously performed as part of a larger study with the primary objective of examined the 
seismic stability of embankments and slopes (Nasim, 2005).  It will document, if any, the 
difference in the patterns of topographic amplification in cohesive and granular materials by 
compare the findings presented in Chapter 6. 
Chapter 8 presents the major conclusions derived from the study along with future research needs 
in the light of the presented study. Recommendations will be made for successful implementation 
of 1-g physical modeling technique on geotechnical systems. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW OF PHYSICAL 
MODELING 
2.1 Overview of Physical Modeling 
The physical modeling technique in geotechnical engineering field is used to study the behavior 
of full scale complex earth systems and to gain insight into the fundamental mechanisms of these 
systems.  The two physical modeling techniques, 1-g physical modeling (shaking table tests) and 
high-g physical modeling (centrifuge tests), are commonly used in geotechnical engineering 
research.  In physical modeling terminology the actual full-scale structure is called the 
“prototype”.  A “model” is the reduced scale version of the “prototype” and is built in the 
laboratory to represent the larger prototype structure.  Laboratory scale model testing provides 
quicker results on prototype response compared to full-scale testing and it is offers high level of 
controllability of model details (Wood et al., 2002).  
The physical modeling technique is well suited for studying problems in geotechnical 
engineering, including:  
• Highly complex, rare and three dimensional problems can be modeled under controlled 
conditions.  
• Modeling often represents a cost effective and relatively fast means of analyzing the 
geotechnical systems.  
• Physical modeling technique provides highly controlled database for geotechnical 
problems where high quality field case studies and prototype tests are rare.  
• Scale model testing can be used as calibration benchmarks for analytical methods or can 
be used to predict the response of a prototype earth structure.   
Despite these advantages physical modeling technique has some limitations:  
• Boundary conditions may significantly affect the results of model testing. 
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• It may be difficult to properly scale “prototype” soil properties (i.e., shear modulus, 
strength, and shear wave velocity) to simultaneously small scale laboratory model. 
• Scale effects of instrumentation can be important in some instances (i.e., accelerometers, 
pressure transducers, displacement monitors)  
This chapter will first summarize characteristics of high-g and 1-g physical modeling techniques 
and other researchers’ studies using 1-g physical modeling technique as a primary research 
method.  For the physical modeling technique to provide high quality and meaningful results, 
similarity between laboratory scale model and prototype should be fulfilled and sets of scaling 
relations (i.e., similitude laws) must be established between stresses and strains in the model and 
prototype.  The theoretical background of similitude laws developed for 1-g physical testing 
(shaking table test) and “modeling-of-models’ concept used in this research study will be 
addressed.   
2.2 Details of Centrifuge and Shaking Table Model Testing 
Centrifuge modeling (i.e., high-g physical modeling) and shaking table modeling (1-g physical 
modeling) techniques have been used by researchers at least as far as the early 1900s.  The main 
difference between these physical modeling techniques is the gravity testing condition.  While 
shaking table model tests are performed under normal gravity condition, centrifuge model tests 
are conducted at high g acceleration level.  Centrifuge modeling will be most beneficial for 
studying phenomena dominated by earth’s gravity and for soils exhibiting stress-dependency (e.g. 
sands).  Shaking table testing can be advantageous for studying the phenomena where the gravity 
is not dominant (Zimmie, 1995).  For cohesive materials (e.g. clays), it is possible to obtain 
similitude with the prototype behavior in a normal gravitational environment since response of 
cohesive soils is dependent on the undrained shear strength and independent of stress level.  
Figure 2.1 presents the stresses in full-scale prototype, centrifuge model and shaking table model.  
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Both centrifuge and shaking table models shown in Figure 2.1 are built to model full-scale 
prototype at 1/N scale (where N = geometric scaling factor).  Whereas shaking table model tests 
are conducted at one-g condition, centrifuge model tests are conducted at an Ng acceleration 
level.  Figure 2.1 shows that the vertical stresses in the prototype and centrifuge model range 
from zero to ρgH where ρ is soil density and H is the soil depth.  On the other hand, the stress in 
the one-g physical model is 1/Nth of the full-scale prototype.  
 
Figure 2.1.  Schematic Presentation of Physical Modeling (Zimmie, 1995) 
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In this research study, the 1-g physical modeling technique is used as a primary research method. 
Since shaking table model testing is well suited for cohesive soils, the research was formulated 
(1) to study the effects of topography on shaking table model of cohesive embankments and (2) to 
investigate the developed scaling laws for shaking table tests by “modeling-of-models” method. 
The following are some of the limitations and advantages of 1-g physical modeling technique 
relative to centrifuge modeling.  
• Shaking table experimental system requires a relatively low investment compared with 
centrifuge experimental facilities. 
• The risk of injury and /or property damage during operation of a shaking table is lower 
than that for a large centrifuge.  The large forces developed during centrifuge tests posses 
a risk of injury (Zimmie, 1995).   
• The acceleration level in the centrifuge changes with the radius of rotation, in contrast 
with the constant gravitational force field at the earth’s surface. 
• Coriolis effects may influence the centrifuge model tests results. 
• Stress history and construction processes for shaking table tests are not as important as 
they are for centrifuge tests. 
• For centrifuge modeling technique, correctly scaling time-dependent properties (i.e. time 
scales for dynamic, dissipative and viscous effects) is a concern have been recognized by 
researcher over the years [e.g., Craig (1982), Arulanandan and Sybico (1992), Kutter 
(1995), Rezzoug et al. (2004)].  Whereas, this time scaling conflict is not widely 
addressed for shaking table tests.   
• Particle size effects caused by using a dimensionally smaller model without adjusting the 
model material grain size is widely recognized phenomenon affecting the centrifuge tests 
results.  
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• A scale effect of instrumentation (i.e., accelerometers, pressure transducers, displacement 
monitors) is lower in shaking table tests than in centrifuge tests.  Generally, centrifuge 
models are relatively smaller than the shaking table model and the ratio of instruments 
size to the model size is lower for shaking table tests. 
• Rate effects for cohesive soils are more noticeable in centrifuge tests than shaking table 
tests.  Hence for cohesive soils one-g physical modeling technique may be more suitable 
than centrifuge tests. 
The following are some of the limitations and advantages of centrifuge modeling compared with 
1-g physical modeling techniques.  
• Both shaking table and centrifuge model testing results may significantly influenced by 
boundary conditions (i.e., model container). 
• While centrifuge tests produce the prototype stress in a small scale models, shaking table 
tests can not reproduce prototype stress level. 
• Centrifuge tests offer an advantage of studying many different prototype configurations 
from one small scale model by changing acceleration level.  On the other hand one 
shaking table model configuration can be used to study the only one prototype model 
behavior. 
• Shaking table model construction processes may be more time consuming than centrifuge 
model construction since generally centrifuge models are much smaller than shaking 
table models. 
As stated above, both centrifuge and shaking table model testing have limitations and advantages.  
As a researcher, we should be aware of the limitations and effects on the tests results.  When the 
limitations and their effects on tests results are well known, the way to correct these effects can be 
found.  Despite of the limitations, when physical modeling technique is properly used, it can be 
extremely useful and cost-effective.    
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One-g physical modeling is used as a primary research tool in this study, and the next section of 
the chapter summarizes previous research works in this area as well as other 1-g model studies 
that have been performed.  
2.3 Previous One-g Physical Model Studies 
Some of the first reported one-g physical model tests were performed by Rogers (1906) and 
Jacobsen (1930).  Small shaking table tests with harmonic base excitations were conducted to 
study the deformation of sand and gravel samples by Rogers (1930).  Jacobsen (1930) performed 
the similar test on uniform Monterey sand with larger shaking table tests.  They both found that 
relative displacement of sand particle is a maximum at top of model.  
The first one-g physical model study conducted on pendulum-driven shaking table was performed 
in the 1940s to investigate seismic slope stability (Wartman, 1999).  Since that time several 
research studies have been performed using shaking table testing technique to study various 
aspects of seismic slope stability.  For example, Mononobe et al. (1936) and Heiland (1940) 
performed the shaking table tests to study seismic behavior of rock fill and earth dams.  They 
found that high crest displacement occurred at certain frequencies. Following these early shaking 
table modeling studies, the first well known shaking table study on seismic slope stability was 
conducted by Clough and Ritz (1956).  Their experimental study investigated the effects of 
earthquakes on rock-fill dams with earthen cores.  Eight different laboratory scale models were 
subjected to simulated earthquakes generated by pendulum-driven shaking table at University of 
California. A crushed quartzite and kaolin clay were used as a rock fill and impervious clay core 
material for shaking table model. Their experimental study concluded that earth dams constructed 
primarily of cohesive soils were inherently resistant to earthquake damage due to their ductility. 
Seed and Clough (1963) conducted a one-g physical model study to investigate the earthquake 
resistance of sloping core dams using the University of California's pendulum-driven shaking 
table. Their laboratory scale models comprised of sandy outer shells and clay (75% kaolinite and 
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25% bentonite) cores. Seed and Clough (1963) concluded that sloping core dams were generally 
resistant to earthquake damage, but that strong shaking may result in significant settlement of the 
dam crest. Seed (1963) performed similar shaking table study for investigation of Oroville Dam 
during seismic events. Shaking table research study by Seed and Clough (1963) and Seed (1963) 
were also focused on the development of model clay (75% kaolinite and 25% bentonite) for small 
scale model testing. Kovacs et al. (1971) tested small-scale soil deposits involving surface slopes 
and underground slopes comprised of kaolinite clay using an electro-hydraulic shaking table.  It 
was found that the seismic response of small banks of soft clay is influenced by the thickness of 
the deposit at the crest and the toe, and by the frequency characteristics of the base excitation.  
Arango and Seed (1974) investigated the seismic stability of clay slopes with University of 
California upgraded hydraulic actuator shaking table. They tested small scale kaolinite and 
bentonite mixture model embankments with sinusoidal motions. They found that strong shaking 
resulted in development of a distinct “yield acceleration” that marked initiation of permanent 
deformation in their embankments. 
Shaking table tests on cohesionless embankments were performed by Seed and Goodman (1965) 
using the University of California pendulum-driven shaking table. Their research objective was to 
investigate the seismic stability of cohesionless soil and their shaking table models comprised of 
inclined sand layers. Seed and Goodman (1965) found that calculated acceleration required to 
bring the slope to a condition of marginal instability were in good agreement with those measured 
during shaking table tests. Bustamante (1965) conducted shaking table tests on small scale 
cohesionless embankment to investigate the influence of slope inclination on seismic behavior 
and deformation mechanism of model embankments composed of cohesionless soil. Goodman 
and Appuhn (1966) conducted laboratory tests of soil-filled basins models. These models were 
subjected harmonic shaking to study the behavior during seismic events. It was found that the 
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magnitude of the input base motion significantly effect the magnification of ground motion in soil 
mass and the natural frequency of model.  
Recently, Wartman et al. (2005) performed a series of shaking table physical model experiments 
to investigate the mechanisms of seismically induced deformations in cohesive slopes and to 
evaluate the accuracy of the Newmark (1965) sliding block procedure. Kaolinite and bentonite 
mixture small scale slope models were tested under different base excitation (i.e., sine pulses, 
frequency sweeps and scaled real earthquake motions) in the study. Shaking table tests on 
cohesive embankments were also performed by Nasim (2005) to study the mechanisms of 
seismically induced deformations and to report the contribution of distributed deformation 
resulting from cyclic straining to total deformation.  
One-g physical modeling has been used to study different geotechnical problems. Kagawa et al. 
(2004) and Meymand (1998) used shaking table modeling technique to study the seismic soil-
pile-superstructure responses. Kagawa et al. (2004) conducted large-scale tests using the shaking 
table facility at National Research Institute for Earth Science and Disaster Prevention (NIED). 
Objective of the study was to validate dynamic centrifuge tests results by comparing large-scale 
shaking table tests on soil-pile-structure system. Meymand (1998) studied seismic soil-pile-
superstructure response by a series of scale model shaking table tests of model piles in soft clay.  
2.4 Theories of Scaling Laws 
The key to the success for physical modeling is using appropriate scaling laws to relate the 
prototype structure to a physical model. Two main methods used to derive the appropriate scaling 
laws are dimensional analysis, and similarity theory (Sedov, 1959). Dimensional analysis is a 
means of obtaining dimensionless groups for physical phenomenon being studied. This method 
consists of identification of all significant variables influencing the physical phenomenon and 
obtaining dimensionless groups by non-dimensionalize of units. Similarity theory first identifies 
17 
  
the acting forces in the system and geometrical properties of the system. And it employs 
dimensionless analysis to construct and equate dimensionless terms for scale model and prototype 
(Meymand, 1998).   
2.4.1 Dimensional Analysis (DA) 
Dimensional analysis is an important tool for scientists and engineers to design of experiments 
and concise expression of the experiment results (Butterfield, 1999). The simplest dimensional 
analysis is based on the fundamental “mother nature is dimensionally consistent” statement.  
Dimensional analysis has some advantages and limitations: 
• It can reduce the number of variables that must be considered in an empirical 
investigation 
• It can provide guidance for designing model investigation 
• It can provide scaling relationships for models 
• It can help check equations for dimensional consistency  
• It can be used to “generalize” equations and put them into dimensionless from 
• It can not give the relationship between variables 
• It can not tell the relative importance of variables 
• It can not tell what forms of dimensionless variables are best. 
In simplest form of dimensional analysis, four basic dimensions length [L], time [T], mass [M] 
and force [F] are included. Newton's 2nd law relates force, mass, length and time. Force [F] can be 
substituted with [M][L]/[T]. Therefore three basic independent dimensions length [L], time [T], 
and mass [M] can be used to determine the dimensionless terms for physical phenomenon has 
been investigated. 
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A more complex type of dimensional analysis involves the application of Buckingham Pi 
theorem. The Buckingham Pi theorem includes the development of dimensionless groups from a 
global set of dependent and independent variables considered relevant to a particular phenomenon 
(Butterfield, 1999). The particular physical phenomenon can be expressed as  
F(X1, X2,…, Xn) = 0   (2.1) 
Where X1, X2,…, Xn are physical variables effecting the particular physical phenomenon. It is 
assumed that the phenomenon being investigated can be described by a list (X) of (n) 
variables(X1, X2,…, Xn).  By Buckingham Pi method of inspection total of (m) independent 
dimensionless products of the physical quantities X1, X2,…, Xn can be developed as shown in Eq. 
2.2. The number of dimensionless products (m) is equal to the number of physical variables (n) 
minus the number of fundamental measures that are involved 
G(π1, π2,…, πm) = 0   (2.2) 
The individual Pi terms are formed by grouping the physical variables into dimensionless terms; 
all variables must be included and the m terms must be independent. There is theoretically no 
unique set of Pi terms for a given problem, but for scale modeling problems it is essential that the 
correct variables be identified and the Pi terms be formed appropriately (Meymand, 1998). For 
complete dimensional similarity, each dimensionless group in Eq. 2.2 must be same for model 
and the prototype. 
Dimensional analysis described above is adopted by Davie and Sutherland (1978) to study the 
modeling of clay uplift resistance.  Davie and Sutherland (1978) suggested that uplift resistance 
Pu of the clay can be expressed as: 
Pu= f(g, γ, c,t, G, D,B, Bc)   (2.3) 
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Where g is the gravity acceleration, γ is unit weight of soil, c is cohesive strength, t is tensile 
strength, and G is the shear modulus of the soil. D is depth of placement of anchor, B is diameter 
of anchor plate and, Bc is diameter of test container.  
By the Buckingham Pi method of inspection and using B, g, and γ as a dimensionless group 
(Pu/Bgγ) = f(c/Bgγ, t/Bgγ, G/ Bgγ, D/B, Bc/ B)  (2.4) 
To complete dimensional similarity, each of the dimensionless group in Eq. 2.4 must be same for 
model and the prototype (Davie and Sutherland, 1978). Davie and Sutherland (1978) study can be 
considered as a good example how to approach Dimensional Analysis to study the soil mechanics 
phenomenon. 
2.4.2 Similarity Theory 
Similarity theory emphasizes the importance of defining the similarity variables between model 
and prototype. Langhaar (1951) indicated that small scale laboratory models must have geometric 
similarity, dynamic similarity and kinematic similarity to the prototype. 
• Geometric Similarity:  Two systems can be considered as to be geometrically similar if 
all corresponding lengths are proportional and all corresponding angles are equal 
(Hubbert, 1937).  It implies that the ratio λ = Lm/Lp is constant for all dimensions in the 
systems. Where; L is any dimension in the systems, and the subscripts m and p refer to 
model and prototype systems, respectively (Langhaar, 1951). 
• Kinematic Similarity: The motions of two systems (model and prototype) are similar, if 
kinematic similarity exists. Kinematic similarity implies that corresponding components 
of velocity and acceleration are similar in the model and prototype systems (Langhaar, 
1951). 
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• Dynamic similarity: Two systems can be considered as to be dynamically similar if 
homologous parts of the systems experience homologous net forces (Sedran et al., 2001). 
If the systems have kinematic similarity and similar mass distributions, then dynamic 
similarity exists (Baker et al., 1973). 
2.4.3 Application of Dimensional Analysis and Similarity Theory to Scale Model 
Similitude in One-g Environment 
The scaling relations for one-g physical modeling technique has been studied by a number of 
researchers including Clough and Pirtz (1956), Rocha (1957), Seed and Clough (1963), Roscoe 
(1968), and Scott (1989). Clough and Pirtz (1956), Seed and Clough (1963) used scale models to 
study the earthquake resistance of dams. They followed the simplest dimensional analysis and 
similarity theory to obtain the similarity between model and prototype with respect to lengths, 
forces and times. Length similitude is obtained by making the model geometrically similar to the 
prototype.  
The length scaling factor Lλ is defined as; 
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where; L represents any linear dimension and all dimensions in the model must maintain the same 
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the prototype.  
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where; γ is the unit weight of material and V is the volume. 
The time scaling factor Tλ  can then be derived by equating the inertial force ratio 
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In order for Eq. 2.6 is equal to Eq 2.7, the model accelerations must equal the prototype 
accelerations. Thus; 
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where; T represents time, A represents acceleration and M represents the mass.  
Following the methodology described above Clough and Pirtz (1956) developed scaling relations 
for one-g shaking table models to study the earthquake resistance of dams and the scaling 
relations are presented in Table 2.1.  A limitation of this method is that each variable is treated 
independently without particular regard to its function in the system (Meymand, 1998). 
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Table 2.1. Scaling Relations for one-g Physical Modeling (Clough and Pirtz, 1956) 
Engineering Properties Scaling Factor 
Length (λL) 
Time (λL)0.5 
Soil Density 
p
m γγ  
Force ⎟⎠
⎞⎜⎝
⎛
p
m γγ (λL)3 
Soil cohesive strength ⎟⎠
⎞⎜⎝
⎛
p
m γγ (λL) 
Modulus of Rigidity ⎟⎠
⎞⎜⎝
⎛
p
m γγ (λL) 
Soil shear wave velocity (λL)0.5
Frequency (λL)−0.5 
Angle of Internal Friction 1 
Acceleration 1 
Damping ratio 1 
 
Rocha (1957) proposed that not only the key parameters affecting the particular physical 
phenomena but also the soil constitutive behavior of models be scaled. Therefore, he developed 
the stress and strain of the model and introduced two scaling factor one for stress (α) and one for 
strain (β).  Rocha’s (1957) stress and strain model presented in Figure 2.2 indicated that stress 
and strain of the model is linearly related with prototype. Rocha’s model was intended to account 
for the different stresses between model and prototype.  
 
Figure 2.2.  Similarity of Stress-Strain Curves for Model and Prototype (Rocha, 1957) 
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Iai (1989) and Kagawa (1978) extended Rocha’s (1957) stress-strain model to more general case.  
Iai (1989) applied a constant scaling to the key parameters of general equations for saturated soil 
under dynamic loading. In this approach the details of saturated soil constitutive behavior is 
embodied into single parameter denoted as tangent modulus. Iai (1989) stress and strain model is 
presented in Figure 2.3.  He simplified the entire phenomenon by reducing the equations to three 
independent scaling factors geometric scaling factor (λ), density scaling factor (λp), and strain 
scaling factor (λε). 
 
Figure 2.3.  Stress-Strain Relations of Soil in the Model and Prototype (Iai, 1989) 
 
Scaling relations developed by Iai (1989) using the approach above was applied to some triaxial 
laboratory test data to demonstrate the applicability for small strains levels. It is stated that the 
scaling relations is not applicable to (1) the phenomenon at which soil particles lose contacts 
among themselves such as the state of liquefaction, and (2) the phenomenon at which high 
deformation and strain level is expected (Iai, 1989).  
Another alternative model proposed to deal with the scaling relations between model and 
prototype is Roscoe’s (1968) model. He also extended Rocha’s (1957) model and suggested that 
the appropriate scaling relations can be obtained considering critical state line. He showed that 
similar strain behavior of model soils and prototype soils can only be obtained when they have 
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similar stress strain behavior presented in Figure 2.4. Figure 2.4 shows that prototype stress-strain 
behavior A1Z1 is geometrically similar to model stress path A2Z2.  
Scott (1989) reached the similar conclusion with Roscoe (1968) and proposed that similar stress-
strain behavior of models and prototype can be obtained in one-g testing condition. He suggested 
that when model soil (sand) is subjected to different value of mean effective stress, p’, and the 
void ratio, e, is adjusted to keep ∆e same, then the soil will show similar normalized stress-strain 
behavior. The schematic presentation of the concept is presented in Figure 2.5. Scott (1989) 
performed triaxial test and a simple one-g model on a laterally loaded pile in dry sand to support 
his hypothesis.  
 
Figure 2.4.  Critical State Soil Mechanics Concept of Geometrically Similar Stress Paths for Prototype 
A1Z1 and Model A2Z2 (Roscoe, 1968) 
 
Gibson (1996) studied the scaling soil constitutive behavior (i.e., stress-strain behavior) for a 
granular saturated soil tested at one-g environment. He proposed the same concept with Scott 
(1989) presented in Figure 2.5. It is stated that modifying the model material will provide one-g 
testing stress-strain behavior similar to the prototype (Gibson, 1996). 
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Figure 2.5.  Schematic Illustration of Scaling Stress-Strain Behavior using Steady State Line (Scott, 1989) 
 
Like scaling relations for one-g physical technique, scaling laws for the centrifuge modeling have 
been defined and studied by several researchers [e.g., Roscoe (1968), Scott (1978), Craig (1982), 
Fuglsang and Ovesen (1988), Gibson (1996) Hoe et al. (2003), Rezzoug et al. (2004)] using 
different derivation methods. Roscoe (1968), Pokrovsky and Fyodorov (1975), Scott (1978), 
Fuglsang and Ovesen (1988) were developed the scaling relation for centrifuge. Craig (1982) 
studied the strain rate and viscous effects on centrifuge modeling and scaling relations. Gibson 
(1996) studied the scaling soil constitutive behavior of a granular saturated soil tested by 
centrifuge modeling. Rezzoug et al. (2004) performed experimental study to verify the centrifuge 
scaling laws of capillary rise, rising velocity and rising time on noncohesive soil by experimental 
study. 
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2.5 “Modeling-of-Models” Approach 
“Modeling-of-models” is the excellent tool to verify scaling laws developed for one-g or 
centrifuge testing technique. With this technique model tests of the same prototype are repeated at 
different scaling factors to investigate the accuracy of the scale modeling. This technique has 
been used by Law et al. (1994) and Dewoolkar et al. (1999), among others, to validate scaling 
relationships for centrifuge testing. Unfortunately, no similar comprehensive experimental 
verification of similitude laws under 1-g conditions has previously been undertaken. 
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CHAPTER 3: INVESTIGATION OF 1-G SIMILITUDE LAWS BY “MODELING-
OF-MODELS” STUDY 
 
3.1 Introduction 
Physical modeling is seeing growing use in the geotechnical community for studying complex 
earth systems and the effects of extreme, but rare, events on earth structures.  With this technique, 
small-scale physical models of larger prototype geotechnical structures (e.g. foundations, dams, 
retaining walls) are built in a laboratory and tested under controlled and carefully monitored 
conditions.  As previously presented in Chapter 2, physical modeling has many benefits for 
engineers analyzing geotechnical systems: (i) boundary conditions, model parameters, and 
loading can be controlled; (ii) complex, unusual, or highly 3-dimensional problems that are not 
amenable to closed-form analysis can be studied; (iii) rare or extreme events (e.g. earthquakes, 
blast loadings), for which there are few fully documented case histories, can be evaluated; (iv) the 
performance of novel geotechnical systems and products (e.g. new foundation systems, 
geosynthetics) can be rapidly tested for relatively little cost.  Modeling also has limitations, which 
principally involve issues related to unrealistic boundary conditions and similitude (e.g. 
simultaneous scaling of multiple phenomena, scale effects of instrumentation, side boundary 
friction).  
For model tests to be meaningful, similitude must be established between stresses and strains in 
the model and prototype.  For cohesive materials (e.g. clays), it is possible to establish similitude 
in a normal gravitational environment (1-g) by reducing the undrained shear strength of the model 
soil.  Established laws of similitude are based on the similarity between the model and prototype 
with respect to geometry, force and time [e.g. Clough and Pirtz (1956), Roscoe (1968), Iai 
(1989)].  While there is a sound theoretical basis for these scaling factors, experimental 
verification is nevertheless required to fully validate established similitude relationships.  
Although this has been performed for high gravity (i.e. geotechnical centrifuge) scaling 
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relationships [e.g. Law et al. (1994), Dewoolkar et al. (1999)], no similar comprehensive 
experimental verification of similitude laws under 1-g conditions has previously been undertaken. 
Law et al. (1994) conducted a series of centrifuge tests in an attempt to replicate the measured 
dynamic response of the O’Neill Forebay Dam to Loma Prieta Earthquake. Four model 
embankments having different geometric scale reductions were subjected to a ground motion 
recorded at the base of the O’Neill Forebay Dam.  These models were tested under three different 
g levels (100, 125, and 150), the physical dimensions and the input base accelerations were scaled 
down by adjusting the similitude laws developed for high-g level environment.  Law et al. (1994) 
found that the results of model embankments from three different g levels were generally 
consistent and the modeling-of-models exercise was considered to be successful.  Dewoolkar et 
al. (1999) performed a modeling-of-models type study on retaining wall models with saturated 
cohesionless backfill.  Dewollkar et al. (1994) conducted a series of centrifuge tests in an attempt 
to simulate the same hypothetical prototype embankment of Nevada sand.  Three centrifuge tests 
were conducted at 50, 75, and 100 g and models dimensions, instrumentation locations and input 
motions were scaled to simulate the same hypothetical prototype.  Dewoolkar et al. (1999) found 
that excess pore pressures generated and the settlement time histories were different.  This study 
confirmed that the conflict between dynamic and consolidation time scales in seismic centrifuge 
modeling exists and results of centrifuge modeling can not be considered as representative actual 
water-saturated prototype behavior.  
The primary objective of this experimental study discussed in this chapter was to investigate the 
applicability and validity of established similitude laws for 1-g environments (i.e., Iai 1989, Table 
3.1) under dynamic and static loading conditions.  Owing to the difficulties associated with 
obtaining similitude for granular soils in a 1-g environment, this study focused on cohesive soils 
subjected to relatively rapid, undrained loading.  The experiments involved 6 small-scale models 
and considered the behavior of a simple earth system over both small (pre-failure deformations) 
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and moderate-to-large (failure) strains during static and dynamic loading conditions.  The first 
portion of the experimental program including three small-scale slopes was conducted under 
static loading conditions and the other three small-scale models were tested under dynamic 
loading conditions differing geometric scaling factors.  The largest models of these two sets of 
experimental were considered as the “prototype" earth structures and the other two smaller 
models’ geometry, strength, low-strain properties (shear modulus), and frequency content of the 
input motions were adjusted by applying the laws of similitude shown in Table 3.1 to reflect the 
reduced scale of models.  The selected scaling factors (λ) for smallest and middle model were 2.5 
and 1.43 respectively.  
Table 3.1.  Scaling Factors for 1-g Physical Modeling (after Iai 1989) 
Engineering Properties Scaling Factor (Prototype/Model) 
Soil Density 1 
Length and Displacement λ 
Mass λ3.0 
Force λ3.0 
Strain  1 
Soil Cohesive Strength λ 
Soil Shear Wave Velocity λ0.5 
Frequency λ−0.5 
Acceleration 1 
Damping ratio 1 
Time λ0.5 
 
 
This experimental study does not intended to model a single, real earth structure; however, the 
similitude relationships presented in Table 3.1 can be applied to demonstrate the proportionality 
of the models.  Assuming a geometric scaling factor (λ) of 22, the models (S1 and D1) can be 
said to represent a 45 degree, 12 m height soft clay embankment having a constraint undrained 
shear strength of 75 kPa and shear wave velocity of 45 m/sec. 
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3.2 Experimental Facilities  
The experimental setup the one used in the previous research study performed by Nasim (2005) 
was also used in the present study.  The details of each component of the experimental set up 
taken from Nasim (2005) are presented in the following sections. 
3.2.1 Shaking Table 
The Drexel University E.E. Cruz Shaking table is a 135 cm wide and 107 cm long single-degree-
of-freedom device located in the Hess Engineering Laboratory complex located on the main 
campus of Drexel University. It can accommodate up to 1360 kg over an excitation frequency 
range of 0-50 Hz. Peak nominal table characteristics are +/- 84 cm/second peak velocity and +/- 
4.0 g peak acceleration (with a 680 kg payload). The shake table surface has 1.27 cm-diameter 
taped holes on a 10 cm by 10 cm square grid for attaching a test specimen to the table. The table 
was installed on thick, reinforced concrete floor with dimensions of 6 m by 9 m by 1.8 m (depth). 
The steel reinforcement is 1.9 cm-diameter deformed bars spaced at 30 cm on-center. The 
independent foundation, which provides a rigid base for the proper operation of the actuators, 
bearings and the table, is designed to minimize vibration transmitted to the soil from the 
surrounding test equipment and to serve as a large reaction weight during testing. The table base 
is attached to the foundation using epoxy bonded concrete anchors and an approximately 3.8 cm 
thick grout layer.  
The R-136 shaking table is driven by a servo hydraulic actuator in a single direction of motion 
(i.e., a single degree of freedom shaking table). The actuator is connected with four 1.27 cm studs 
to the table and backstop. The actuator is supplied with ball joints on both ends to give transverse 
adjustment flexibility. The table is guided in its motion by two pairs of high stiffness linear roller 
a bearing with the table travel limit is protected by a bumper/hard stop. 
The shaking table is driven by MTS 11 kip actuator that has a +/-8.3 cm stroke with 0.6 cm of 
“cushion” in each travel direction giving it a normal range +/-7.6 cm operating range. The 
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actuator has a 49 kN force capacity and dual 0.41 m3/min two-stage Moog servo-valves with 
Delta-P compensation, LVDT displacement sensor and ball joints. The actuator is supplied with 
pressurized hydraulic oil via two number 16 hoses. Two 7.5-litre accumulators provide for peak 
flow and vibration reduction. The high-pressure accumulator is charged to 6,895 kPa while the 
low-pressure accumulator is charged to 690 kPa. The Moog servo-valve and MTS actuator are 
controlled by a GS2000 servo-controller. The servo controller conditions the various valve 
actuator transducers (LVDT and Delta P) and provides the valve current to complete the analog 
control servo-loop. The servo-controller has adjustable proportional gain and rate feedback. All 
parameters are set from the front panel.  
3.2.2 Performance of Shaking Table 
Prior to the actual model tests, performance of the table was evaluated using a series of test 
motions that were later used in the small scale cohesive slope model test.  The model container 
was mounted on the table and bags of sand were placed within the container to simulate the 
model embankments.  A wide range of motions (both synthetic and recorded) at the large slope 
model (or "prototype") scale were used in this step.  The servo controller gain and span settings 
and the performance of the shaking table were shown to be strongly influenced by the weight of 
the model.  During this initial running step, servo controller gain and span settings were identified 
under dummy weight of the shake table models. 
3.2.3 Model Container 
The models were built and tested in a rigid wall container bolted to the shaking table.  Whitman 
and Lambe (1986) found that soil located in close proximity to rigid boundary container walls 
responds differently than soil near the middle of the model, but nevertheless concluded that 
“reasonably correct” physical model test data could be obtained in rigid wall containers.  A rigid 
wall container was selected for these studies with the anticipation that the shaking table tests 
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would be simulated in a parallel numerical study and that the rigid wall would serve as a well-
defined boundary condition.  Moreover, the front and back portion of the models were tapered to 
meet the front and back wall of the container and hence the model had minimal contact with the 
front and back walls of the rigid container.  
The tests were performed in a 203-cm-long by 122-cm-wide Plexiglas box, with inside 
dimensions of 168 cm and 118 cm.  The base of the container extended over the front and back of 
the shaking table by 16.5 cm to maximize the length of the model slopes.  The sides of the 
container base extended 3.8 cm past the side edge of the shaking table to maximize the width of 
the model slopes and to allow for the on-table access to, and removal of, the container side 
panels.  The container front, back and side walls were fabricated from 1.9 cm thick sheets of 
Plexiglas and the base consisted of a 2.5 cm thick piece of Plexiglas.  Container front wall and 
back wall were 20 cm and 28 cm high, respectively and buttressed by five equally spaced 
triangular Plexiglas stiffeners.  The size of the box was selected to minimize the influence of the 
rigid walls on the sloping portion of the model, and to allow for testing of relatively tall (38 cm 
high) models.  A geosynthetic "geonet" material was fastened to the floor of the model container 
to create a high friction interface and thereby reduce the potential for movement between the base 
of the model clay and the smooth Plexiglas surface.  
3.2.4 In-House Power System and Interfacing 
An in-house power system was developed for powering the instruments and interfacing them with 
the control software.  The power box uses a switching power supply that alters the regular 110 
AC voltage to desired DC voltage level.  The interface terminals were connected with multiple 
channels each having three wires for powering up, grounding and collecting data from the 
instruments.  The data collected from the instruments were then sent to the control software 
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through the British Naval Connector (BNC) cables connected at the back of the power supply 
box.  
3.2.5 Instrumentation and Data Acquisition 
3.2.5.1 Accelerometers 
The dynamic response of the shaking table models were measured using capacitive spring mass-
based miniature accelerometers.  With very low power consumption, these accelerometers are 
characterized by very low drift and long term stability.  These hermitically sealed, low-weigh, 
critically damped, dc-response accelerometers have a flat response up to 350 Hz.  The diameter 
and height of the accelerometers are 21.5 mm and 10 mm, respectively.  They have 8 mm 
threaded protrusion stub for mounting purposes. In addition to the accelerometers given above, 
PCB capacitive type (Model: 3701GFA3G) accelerometers were also used in the shake table 
model tests performed in the present study. The height, thickness and width of the accelerometers 
are 19.5 mm, 10 mm, and 19.5 mm respectively.  They also have a 10 mm threaded protrusion 
stub for mounting purposes.  These dc-response accelerometers have a resonant frequency at 560 
Hz and sensitivity at 30 Hz. 
3.2.5.2 Displacement Transducers 
Surface displacements were measured using either 50 mm or 100 mm range ETI systems model 
LCP12-50/100 linear motion potentiometers.  The potentiometers have a linearity of less than +/- 
1% and resolution that is reported as “essentially infinite.”  The potentiometers were housed in a 
plastic case 1.3 cm square by 7.6 cm or 12.7 cm long depending on their measurement range.  
The plastic housing was secured to a steel plate-metal hinge assembly that was attached to an 
instrumentation bracket, or for the case of vertical measurements, directly to an instrumentation 
bracket.  The hinges rotated around a fixed point, thereby allowing measurement of two-
dimensional surface displacements (i.e., combined vertical and horizontal deformation).  A small 
circular-shaped (approximately 3.8 cm in diameter) piece of geomembrane or 4 cm diameter 
  
34
 
plastic pipe plugs was attached to the LVDT tip and served as the displacement monuments.  
These monuments were embedded just below the surface of the model to provide improved 
interactions with the slope model.  The tips of the vertical potentiometers were in contact with a 
lubricated piece of sheet metal placed at the surface of the model.  The metal prevented the 
potentiometer rod from becoming mired in the soft clay and allowed for monitoring of surface 
elevation while the model displaced horizontally. 
3.2.5.3 Data Acquisition  
The data acquisition and control system for the shaking table is a Dataphysics Vector PC-based 
system.  This allows for a feedback accelerometer on the moving table, a PC-based digital control 
system reading this acceleration and this same PC system producing an analog drive signal to the 
actuator servo-controller.  The Dataphysics system also provides 15 channels of data acquisition.  
The data acquisition system was powerful and allowed for real time plotting of measurement and 
control parameters during a test, and rapid post processing after an experiment. Constant input 
excitation voltages were supplied to the accelerometers and their output signals were AC coupled 
to remove the DC component.  Output from the displacement transducers was measured directly 
without signal amplification. Output from the displacement transducers was measured directly 
without signal amplification. Sampling frequency of that system is limited with 80,000 data 
points per each file.  The data can be sampled up to 83,333 Hz for very short (i.e., 1.0 sec) input 
motions.  
3.3 Test Program  
3.3.1 Overview of experimental design 
The “modeling-of-models” experimental study involved three small scale models tested under 
static loading conditions (S1, S2 and S3) and other three tested under dynamic loading conditions 
(D1, D2 and D3) having different geometric scaling factors (λ).  These scaling factors were 
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selected considering the dimensions of the model container and the "workability" limits (related 
to water content) of the “model clay” soil used in the experiments. The models’ geometry, 
strength, low-strain properties (shear modulus) and frequency content of the input motions were 
adjusted by applying the similitude relationships summarized in Table 3.1 to reflect the reduced-
scale of models.  
The geometrical details and physical characteristics of the six small-scale slope models are 
summarized in Table 3.2. The detailed geometry and instrumentation plans of the Models S1 and 
D1 are also given in Figures 3.1 and 3.2, respectively, and tabulated in Tables 3.3 and 3.4.  The 
clay slope models typically consisted of two soil zones: an upper soft clay layer underlain by 
stiffer clay in contact with the container’s front and rear boundary walls. The stiff clay, which had 
a lower water content but was otherwise identical to the overlying softer material, was intended to 
minimize the boundary effects by precluding development of shear surfaces near the rigid model 
container, and to eliminate sharp impedance contrasts at these critical boundaries.  The base soil 
layer was used in the Models D1-D3 also served to reduce the possibility of failure of the left side 
slope of the embankments during dynamic loading.   
The first three slope Models (S1-S3) were constructed and then tested to study similitude laws in 
static loading conditions over small, moderate, and large strains. The other three small-scale 
Models (D1-D3) were built and then shaken to investigate the similitude laws under dynamic 
conditions. 
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Figure 3.1.  Geometry and Instrumentation Plan of Model S1 
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3.3.2 Model Material 
3.3.2.1 Overview of Kaolinite-Bentonite “Model Clay” Mixture 
Models S1-S3 and D1-D3 were comprised of “model clay” consisting of 3 parts kaolinite to 1 
part bentonite. This material has been used in several previous 1-g model studies [e.g. Seed and 
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Clough (1963), Sultan and Seed (1967), Kovacs (1968), Arango (1971), Bray et al. (1993), 
Lazarte and Bray (1996), Wartman (1999), Wartman and Riemer (2002), Nasim (2005)].  The 
model clay was originally developed by Seed and Clough (1963) for use in physical model 
studies of sloping core dams.  It mimicked the prototype soil, the San Francisco Bay mud, with its 
low rate of consolidation and its stress-strain behavior.  The model clay has liquid and plastic 
limits of LL = 120% and PL = 25%, and a plasticity index of PI= 95%.  Primarily due to its 
bentonite content, the clay exhibits moderate thixotropy and low to moderate sensitivity 
(sensitivity = 1.6 to 2.1).  Owing to its thixotropic nature, the clay is relatively easy to mix and 
place before it stiffens.  
This modeling-of-models exercise investigated the validity and applicability of 1-g similitude 
rules focusing on saturated cohesive small-scale models under static and dynamic loading 
conditions.  The response of saturated cohesive soils is affected by the pore pressure response 
during the load application.  Due to the low permeability and low rate of consolidation of the 
model clay used in this experimental study, significant pore pressure generation will not be 
expected during monotonic and dynamic load applications, and thus pore pressure transducers 
were not used in this experimental study.  Others researchers [e.g. Seed and Clough (1963), 
Sultan and Seed (1967), Kovacs (1968), Arango (1971), Bray et al. (1993), Lazarte and Bray 
(1996), Wartman (1999), Nasim (2005)] who tested the “model clay” in 1-g environment likewise 
assumed that the drainage and pore pressure generation during the rapid loadings will not be 
significant due to the low permeability of the model clay. 
3.3.2.2 Undrained Shear Strength of Kaolinite-Bentonite “Model Clay” Mixture 
An important characteristic of the model clay is that it can be mixed to various water contents in 
order to obtain "target" undrained shear strength. In other words, its undrained shear strength may 
be readily controlled adjusting the water content and, due to the thixotropic nature of the clay, 
also cure time [Wartman and Riemer (2002, 2005), Nasim (2005)].  A portable laboratory-scale 
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mechanized vane shear with a 5 cm high by 2.5 cm diameter rectangular vane blade was used to 
measure the in-place undrained shear strength of the model clay.  The device has a high precision 
micro-stepper driven vane shear, which allows the rotation rate of the vane to be varied from 0.1 
to 5000 degrees per minute.  A planar shear beam sensor measures the torque during the vane 
shear testing and the control box is used to operate the vane blade and collect data (torque 
measurement) from the planar beam sensor during shear testing.  The data is downloaded to the 
computer through a network card and using in-house developed software.  
Figures 3.3 and 3.4 present the peak undrained shear strength and residual undrained shear 
strength of the model clay at various cure times for different water content (Nasim, 2005).  
Figures 3.3 and 3.4 indicate that peak and residual strength of the model clay for a given cure 
time increases with decreasing water content.  The peak undrained shear strength of the model 
clay increases with increasing cure time for particular water content.  The peak strength increases 
approximately 25% over the first day of curing and continues increasing with additional cure 
time, but at a slower rate.  On the other hand, Figure 3.4 states that the residual strength gain is 
approximately 10% to 15% over the first day of curing.  After a single day of curing, the residual 
shear strength stays constant and is not affected with progressive cure time.  Figures 3.5 and 3.6 
summarize the peak and residual strength of the model clay with different curing time and various 
water contents. 
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Figure 3.3.  Variation of Peak Undrained Shear Strength of Model Clay with Various Water Contents and 
Cure Times (Rotation Rate 690 deg/min) (Nasim, 2005) 
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Figure 3.4.  Variation of Residual Shear Strength of Model Clay with Various Water Contents and Cure 
Times (Rotation Rate 690 deg/min) 
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Figure 3.5.  Variations of Peak Undrained Shear Strength Model Clay with Various Water Content and 
Cure Time (Rotation Rate 690 deg/min).  The Size of the Bubble Marker is Proportional to the Su-peak Value 
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Figure 3.6.  Variations of Residual Shear Strength of Model Clay with Various Water Contents and Cure 
Times (Rotation Rate 690 deg/min).  The Size of the Bubble Marker is Proportional to the Su-peak Value. 
 
The undrained shear strength of model clay was also affected by shearing rate.  Figures 3.7 and 
3.8 present the effects of shearing velocities, which are in the range of 345 deg/min to 2760 
deg/min, on peak and residual shear strength of the model clay (Nasim, 2005).  Figure 3.7 
indicated that the peak undrained shear strength increases approximately 9% to 14% (depending 
on the water content) for the range of shearing rate 345 deg/min to 690 deg/min, and continues 
increasing at a slower rate for the increment from 690 deg/min to 2760 deg/min.  The residual 
strength of the clay was generally not affected by shearing rates as shown in Figure 3.8.  Similar 
shear rate effects on shear strength were found by Nasim (2005), Biscontin and Pestana (2001), 
Wartman (1999) for a similar study on model clay mixture.  
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Figure 3.7.  Variation of Peak Undrained Shear Strength of Model Clay with Various Water Contents and 
Rate of Rotations (Nasim, 2005) 
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Figure 3.8.  Variation of Residual Shear Strength of Model Clay with Various Water Contents and Rate of 
Rotations  
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3.4 Model Construction and Test Procedures  
3.4.1 Soil Mixing and Preparation 
The model clay comprised of kaolinite and bentonite was previously prepared by Nasim (2005) at 
different moisture contents for another research study to investigate the mechanism of seismic 
compression in slopes and embankments. Nasim (2005) prepared the model clay by combining 
kaolinite and bentonite dry ingredients in plastic buckets and mixing by hand. Water was then 
added and the model clay was mixed by using commercial dough mixer at the medium speed 
setting. The mixing continued until the clay was homogeneous and free of bentonite clods. After 
mixing, several soil samples were taken from the model clay and subjected to rapid water content 
testing using a microwave oven. This procedure was repeated until the clay was of a uniform 
water content (within +/-2.5% of desired water content). The model clay at different moisture 
contents was transferred into the watertight plastic containers, where they were stored. 
As shown in Figures 3.1 and 3.2, the model slope includes two different zones. The moisture 
content of the stiff clay was in the range of 75% to 80% as shown in Tables 3.2 and 3.3 and the 
moisture content of the soft zone was determined according to the desired undrained strength 
dictated by the similitude laws presented in Table 3.1 for the “model clay”. Prior to building the 
small-scale model slopes and embankments tested in this research study, the “model clay” for 
stiff and soft zones was prepared at the desired water contents using previously prepared model 
clay mix. Prior to each test from this study, the model clay was remolded and remixed using the 
commercial dough mixer. Soil samples were taken from the model clay mix and subjected to 
microwave water content testing.  If the water content was not within +/-1.5% of desired water 
content, water was added and mixing process continued till getting homogeneous mixer with 
desired content (within +/-1.5% ) and free for bentonite clods.  Soil samples were taken from the 
model clay mix after each water addition and mixing process, and subjected to microwave water 
content testing. This procedure was repeated for materials used for the soft (with high moisture 
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content) and stiff (with low moisture content) zones until enough model clay needed to build the 
model was available.  Between tests, the model clay was stored in separate watertight plastic 
buckets. 
3.4.2 Model Construction and Preparation 
Small-scale models were built in the Plexiglas model container described earlier in Section 3.2.3.  
Since the existing 28-cm high Plexiglas sidewalls limit the height of the models built in the model 
container, two higher Plexiglas sidewalls (60 cm high, 1.9 cm thick) were placed in the existing 
model container which allowed building bigger model slopes and embankments in the Plexiglas 
container. A geosynthetic geonet was fastened to the floor of the Plexiglas model container to 
create a high friction interface and thereby minimize the potential movement between the 
container base and base of the model.  
The container’s Plexiglas sidewalls were cleaned and the geometry of the model and 
instrumentation layout was marked on the Plexiglas walls to provide guidance for the model 
building process. For models S1-S3, canola oil was applied to the Plexiglas sidewalls to minimize 
friction along this soil-wall interface.  For models D1-D3, plastic sheets were used accordance to 
the finding of the study reported in section 4.3.3, which was performed to identify the interface 
material yielding the lowest friction between the model and the sidewalls. Before building the 
Models D1-D3, a plastic sheet was hung on the Plexiglas sidewalls and another plastic sheet was 
placed adjacent to the first plastic. Using this technique, a sliding surface between two plastic 
sheets was generated. Before placing the clay mixture, canola oil was sprayed on the second 
plastic sheet to lubricate it and generate another siding surface between plastic sheet and the 
model.  
The model clay was stored in watertight plastic buckets, which were labeled according to the 
water content of the model clay (soft or stiff).  The clay was remixed and remolded using a 
  
45
 
commercial dough mixer.  This remolding and remixing process eliminates the effects of any 
thixotropic strength gain while the clay was in storage and temporarily lowered the strength of the 
clay.  Therefore, considerably less effort was required to handle and place the soil during the 
model building process.  
For Models S1-S3 and Models D1-D3, the stiff base layer was placed first.  This was followed by 
placement of the upper, softer clay layer.  During model building process, care was taken to 
minimize the development of air pockets within the models. In a manner similar to that of 
Wartman (1999) and Nasim (2005), each handful of clay was carefully placed to ensure 
uniformity and to eliminate the potential formation of any construction-influenced preferential 
shear surfaces.  The hand-placed stiff clay layer was generally slightly larger than its planned 
dimensions, and so was then trimmed to the desired size and shape. After completing the 
construction of stiff base layer, a profiler consisting of a vertical survey device with gradations of 
0.01 mm, which rode on a metal track-mounted to the front and rear container walls, was used to 
survey the stiff layer.  A sharp metal plate was then used to scarify the surface of the stiff clay 
prior to placement of the overlying softer clay layer so that an artificial interface did not develop 
at the stiff-soft soil interface [Wartman (1999), Nasim (2005)].  The softer clay layer was 
constructed in the same manner with as the foundation layer.  As the model building continued, 
accelerometers were placed in the models at predetermined locations as shown in Figures 3.1 and 
3.2.  The locations of the accelerometers were confirmed using the survey device and 
accelerometers were embedded into the models.  Hand built soft clay layer was also constructed 
slightly larger than its planned dimensions, and then trimmed to the desired size and shape. 
When the model was built, a profiler consisting of a vertical survey device with gradation of 0.01 
mm was used to survey the model along three longitudinal profiles (i.e., spanning from container 
front wall end to the back wall end).  This vertical survey device moved along a metal track-
mounted to the front and rear walls of the container similar to the one used in the previous 
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research studies performed by Nasim (2005).  A scale marked with 1.6 mm gradations was glued 
to the metal track.  The vertical survey device has a 13-cm-range set of dial calipers and a pointed 
aluminum extension rods with different heights attached to the caliper arm to allow 
measurements to be made over various height of the models. When the model completed and 
surveyed, a small amount of water was sprayed on the surface model to minimize the water loss 
and the model was then covered with a thin sheet of plastic wrap to preserve its water content. 
With the exception of Models D1 and S1, a piece of Plexiglas was clamped against the face of the 
45 degree slope of the models to minimize the potential of static slope failure that may occur 
during thixotropic strength gain over curing time. The models were then cured for approximately 
36 hours before testing to allow for thixotropic strength gain.  Water was sprayed on the model 
surface at regular intervals to preserve its water content during this 36 hour curing time.  The 
same model construction procedure described above was followed for all models (Models S1-S3 
and Models D1-D3). 
At the end of curing time, the plastic wrap and Plexiglas against the face of 45 degree slopes of 
the models were removed. The models were surveyed along three profiles before testing.  Shortly 
before testing and after surveying the models, uncooked durum semolina spaghetti strands were 
pushed vertically into the model along three profiles (middle section and two boundary sections) 
to capture internal displacements within the models. The spaghetti strands were coated with blank 
ink so that they would contrast against the white clay.  Similar to Nasim (2005), a metal spaghetti 
guide was used to ensure that the spaghetti strands were inserted close to vertical over the full 
height of the model. The uncooked spaghetti strands softened in the soft clay zone and served as 
slope inclinometers without affecting the performance of the model slopes. 
To record the surface deformation during the static and dynamic loading conditions displacement 
potentiometers were placed accordance with the instrumentation plan.  The potentiometers were 
connected to a bracket spanning the model container and were connected to the container side 
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walls using different size of adjustable C-clamps.  As described earlier in Section 3.2.5.2, a small 
circular plastic pipe plugs was attached to the potentiometers tip and served as the displacement 
monuments.  The potentiometers monuments were embedded just below the slope surface and 
cover with small amount of clay to obtain better connection with the slope models.  The 
lubricated piece of sheet metal placed at the surface under the tips of the vertical potentiometers.  
The lubricated metal prevented the potentiometer rod from becoming mired in the soft clay and 
allowed for monitoring of surface elevation while the model displaced horizontally during 
dynamic loading condition. The positions of the surface monuments were surveyed using the 
survey device. 
3.4.3 Test Procedures 
Models S1-S3 were subjected to a surface load applied through a 2.5-cm-thick Plexiglas footing 
by manual load application using hand crank shown in Figures 3.9 through 3.11. Shear wave 
velocities of the models were measured before and after the test.  The shear wave velocities were 
measured by generating vertically propagating shear waves by hitting the temporarily placed 
aluminum plate top of the model. With known arrival time of shear waves to the accelerometers 
A7, A3, A1 and known distance between accelerometers, shear wave velocities were calculated. 
The Models D1-D3 were subjected to suite of ground motions presented in table 3.8 including 
nondestructive sine sweeps, low to moderate amplitude sine pulses and a destructive recorded 
earthquake motion at the Redwood City ground station during Loma Priate Earthquake. 
Nondestructive frequency sweeps were performed immediately before and after the sine pulses to 
investigate the dynamic response of the model. Sine sweeps were then followed by sequential 
motions with differing amplitude and frequency content (sine pulses and Redwood City 
recording). Water was sprayed on the model surface during the testing to minimize any change in 
water content during testing.  During the tests, model surveying was performed using the profiler 
along only the middle section.  Shear wave velocities of the models were measured after each 
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destructive motion.  Similarly, downward vertically propagating shear wave were generated by 
hitting the temporarily placed aluminum plate top of the model and shear wave velocities were 
calculated with known arrival time of shear wave to the accelerometers A5, A4 and A3. 
3.4.4 Post-test Procedures 
After completion the static and dynamic load application, the models were photographed, all 
potentiometers were removed and the models were surveyed with the profiler along the sections 
where the models were surveyed before the tests.  After completion of the survey, vane shear tests 
were conducted on the model at different locations with a portable laboratory-scale mechanized 
vane shear (5 cm high by 2.5 cm diameter rectangular vane blade) to measure the undrained shear 
strength of the model clay.  The details of the vane shear tests (i.e., number, rate of rotation and 
results) were presented in section 3.5.2.2 and 3.8.3.2. 
Once vane shear tests were completed, the Plexiglas sidewalls of the container were removed.  
Soft and stiff clay materials were excavated by hand, separated based on water content and stored 
in watertight buckets to reuse for next model test. Clay was carefully excavated by thin spatula 
toward the spaghetti strands prevent damage to the delicate spaghetti strands.  Immediately after 
reaching the spaghetti strands, a checkered calibration scale was then placed next to the strands, 
and digital photographs were taken.  This excavation and photography process was repeated for 
each spaghetti profiles. The digital photographs were downloaded to a computer and manually 
digitized using software GetData (http://getdata-graph-digitizer.com).  The each photograph was 
calibrated using the checkered grid and the deformed shapes of the spaghetti strands were 
converted to common units of length.  During the model excavation, several soil samples were 
collected from different locations and depths to see the variation of the water content in the 
models (maximum variation of +/-2.0%). 
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Table 3.2.  Summary of Test Geometrical and Physical Details (CV indicates coefficient of variation)  
Geometry Upper soil layer properties Base soil layer properties 
Notes Model Name 
Geometric 
Scaling 
Factor (λ) 
Unit  
Weight 
of Soil 
(kN/m3)CV 
Slope 
Height 
(cm) 
Slope 
Inclination 
(deg) 
Model 
Width 
(cm) 
Water 
Content 
(%), CV 
Su-peak 
(kPa),CV 
Su-residual 
(kPa),CV 
Water 
Content 
(%), CV 
Su-peak 
(kPa) 
Su-residual 
(kPa) 
S1 1.0 15.710.013 52.96 45 50.8 
85.32
0.005
3.39
0.012
1.87
0.048
80.15
0.016 NA NA 
S2 1.43 15.710.013 37.19 45 50.8 
100.84
0.014
2.24
0.040
1.27
0.071
79.75
0.017 NA NA 
T
e
s
t
e
d
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e
d
 
s
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S3 2.5 15.710.013 21.44 45 50.8 
115.76
0.011
1.49
0.040
0.94
0.074
78.95
0.011 NA NA 
D1 1.0 15.710.013 51.94 45 91.44 
87.05
0.010
3.32
0.018
1.82
0.038
78.92
0.024 4.38 2.16 
D2 1.43 15.710.013 36.83 45 71.12 
100.11
0.014
2.29
0.035
1.31
0.061
76.75
0.019 4.72 2.28 
T
e
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t
e
d
 
u
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d
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d
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n
a
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c
 
e
x
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t
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t
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D3 2.5 15.710.013 21.56 45 50.8 
113.55
0.014
1.52
0.066
0.98
0.092
75.55
0.012 4.76 2.35 
 
Table 3.3.  Instrumentation Details and Locations for S1-S3 
Model S1 Model S2 Model S3 Instr. 
Name 
Instr. 
Type Orientation 
Instr. 
Range X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) 
A1 ACC H 3 g 97.66 10.16 26.04 68.45 6.99 25.53 39.07 6.99 26.04 
A2 ACC H 3 g 97.66 31.75 26.04 68.45 23.50 25.40 39.07 15.75 26.04 
A3 ACC H 3 g 97.66 53.34 26.04 68.45 40.01 25.53 39.07 24.51 26.04 
L1 LC H 5500 kg 64.77 58.42 25.40 45.34 42.42 26.04 25.91 26.42 26.04 
P1 DT V 5.0 cm 97.79 58.42 29.21 68.45 42.42 28.58 39.07 26.42 29.21 
P2 DT H-C 5.0 cm 38.74 44.70 38.10 26.04 31.12 41.28 16.38 20.64 38.10 
P3 DT H 5.0 cm 43.43 49.02 27.43 28.58 34.29 27.31 18.11 21.51 27.13 
P4 DT H-C 10.0 cm 12.95 18.54 6.60 8.94 14.61 6.35 4.45 10.29 6.67 
P5 DT H 10.0 cm 8.89 14.61 28.45 5.21 10.80 27.94 3.18 9.78 27.31 
P6 DT V 10.0 cm 64.77 58.42 7.62 49.78 42.42 5.72 26.54 26.42 5.46 
P7 DT V 10.0 cm 64.77 58.42 45.72 49.78 42.42 46.13 26.67 26.42 47.80 
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Table 3.4.  Instrumentation Details and Locations for D1-D3 
Model D1 Model D2 Model D3 Instr. 
Name 
Instr. 
Type Orientation 
Instr. 
Range X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) 
A1 ACC H 3 g 10.90 11.43 40.64 7.62 9.53 35.56 4.37 7.62 25.40 
A2 ACC H 3 g 53.34 52.07 40.64 37.34 37.97 35.56 21.34 23.88 25.40 
A3 ACC H 3 g 78.74 11.43 40.64 55.12 9.53 35.56 31.50 7.62 25.40 
A4 ACC H 3 g 78.74 31.75 40.64 55.12 23.75 35.56 31.50 15.75 25.40 
A5 ACC H 10 g 78.74 52.07 40.64 55.12 37.97 35.56 31.50 23.88 25.40 
A6 ACC H 3 g 116.84 39.52 40.64 81.79 29.21 35.56 46.74 19.30 25.40 
A7 ACC H 3 g 116.84 11.43 40.64 81.79 9.53 35.56 46.74 7.62 25.40 
P1 DT V 5.0 cm 59.69 58.42 40.64 41.78 42.42 35.56 23.88 26.42 25.40 
P2 DT V 5.0 cm 85.09 58.42 40.64 59.56 42.42 35.56 34.04 26.42 25.40 
P3 DT V 5.0 cm 110.49 58.42 40.64 77.34 42.42 35.56 44.20 26.42 25.40 
P4 DT H-C 10.0 cm 3.81 11.43 70.82 5.08 11.43 63.50 2.54 7.62 45.72 
P5 DT H-C 10.0 cm 6.10 12.70 33.02 5.99 11.81 35.56 3.05 8.13 25.40 
P6 DT H-C 10.0 cm 26.16 31.75 35.56 26.92 33.53 7.62 11.81 15.75 43.18 
P7 DT H-C 10.0 cm 41.40 44.83 48.26 28.09 33.02 35.56 11.43 17.17 25.40 
 
Notes: 
(0, 0, 0) corresponds the toe of the small-scale slopes.  The orientation of X, Y, and Z are as defined in Figures 3.1 and 3.2. 
ACC: Accelerometer 
LC: Load Cell 
DT: Displacement Transducer 
H: Measures deformation in horizontal direction  
V: Measures deformation in vertical direction 
H-C: Attached by hinges and measures combined (horizontal and vertical directions) deformations 
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3.5 Results of “Modeling-of-Models” Study under Static Loading  
3.5.1 Overview  
The first part of this experimental program involved three small-scale model slopes tested under 
different geometric scaling factors.  The largest slope model (S1) presented in Figure 3.1 was 
considered as the “prototype" earth structure.  The other two smaller models’ (S2 and S3) 
geometry, instrumentation locations, strength and low-strain properties (i.e., shear modulus) were 
adjusted by applying the laws of similitude shown in Table 3.1 to reflect the reduced-scale of 
models.  When constructing the smaller models, displacement potentiometers were placed at 
predefined positions shown in Figure 3.1 and tabulated in Table 3.3 to record the deformation 
response of the model to the applied load at the crest, while accelerometers were placed near the 
rear of the model so that the shear wave velocity of the soft clay could be measured prior to the 
test.  Instrumentation was generally, positioned to be consistent with the selected geometric 
scaling factor to facilitate direct comparison of the experimental results; however, due to the 
difficulty accessing the some exact location, there is 3.0 to 5.0 cm of deviation between 
instrument positions between the models.  Figures 3.9 through 3.11 show the photos of fully 
instrumented laboratory slope models (S1, S2, and S3).  As shown in these figures, a surface load 
was applied through the center point of a 1.90-cm-thick Plexiglas "footing" and measured using a 
load cell.  Load cell and displacement transducer data were zeroed but otherwise unprocessed.  
3.5.2 Results 
The validity of the 1-g similitude laws was assessed by considering consistency in pre-failure 
(low strain) response, ultimate capacity, and failure mechanism between the three models.  
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3.5.2.1 Geometry 
The pre-failure profiles at middle section of the three small-scale cohesive slope models are 
presented in Figure 3.12 at the “prototype” scale.  The model construction process was well-
controlled and therefore consistency between the models’ geometry was successfully obtained.   
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Figure 3.9.  Fully Instrumented Small-Scale Slope Model S3  
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Figure 3.10.  Fully Instrumented Small-Scale Slope Model S2 
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Figure 3.11.  Fully Instrumented Small-Scale Slope Model S1 
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Figure 3.12.  Pre-test Profiles of Models S1, S2, and S3 at Middle Section of Models in “Prototype” Scale 
 
3.5.2.2 Model Properties 
The response of the model to the applied load was largely governed by the upper, soft soil layer 
of the models, with undrained shear strength being the controlling parameter.  Undrained shear 
strength in the upper layer of the models was obtained by conducting two to four vane shear tests.  
Typical result from one of these vane shear tests is presented in Figure 3.13 at the model scale 
and again in Figure 3.14 at the “prototype” scale.  Vane shear tests were conducted at an angular 
velocity 0.20 rad/sec, equivalent to a circumferential displacement rate of 2.54 mm/sec.  The test 
data shown in Figure 3.14 show that peak undrained shear strength was mobilized at 
approximately 3 mm of circumferential displacement for Models S1 and S2, and at 6 mm for 
Model S3.  After researching the peak, the strength reduces and approaches its residual value.  
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Figure 3.13.  Results of Vane Shear Tests from Models S1-S3 in “Model” Scale 
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Figure 3.14.  Results of Vane Shear Tests from Models S1-S3 in “Prototype” Scale 
 
The properties of the models obtained from vane shear tests’ results are summarized in Table 3.5, 
which includes both "target" (design) and actual (measured) values, and reported water content of 
the upper soil layer for each model. The water content values and associated coefficient of 
varition presented in Table 3.5 are based on approximately twenty soil samples taken from each 
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of the models (S1-S3).  Table 3.5 indicates that although Model S3 has an undrained shear 
strength that is slightly higher than the target value, and S2 has shear strength lower then its 
"target" value, it can be generally accepted that similitude in shear strength between the models 
was successfully achieved. 
Table 3.5.  Undrained Shear Strength of “Model Clay” Used in Each Model Test 
Model 
Geometric 
Scaling 
Factor (λ) 
Target2 
Su-peak 
(kPa) 
Measured  
Su-peak (kPa), 
[Coef. Var., CV] 
 
Vane Shear 
Tests (#) 
 
Measured  
Water Content (%), 
[Coef. Var., CV] 
S1 1.00 3.39 3.39 [0.012] 4  85.32 [0.005] 
S2 1.43 2.37 2.24 [0.040] 6 100.84 [0.014] 
S3 2.5 1.36 1.49 [0.040] 6 115.76 [0.011] 
 
Note 2.  
The largest model is taken as the prototype, and hence its "target" strength = measured strength. The 
target shear strength of the smaller models was based on λ  and the similitude relationship given in Table 
3.1. 
 
In addition to measuring shear strength, vane shear test results can be used to estimate the shear 
modulus (Gw) of a soil using the following equation (Biscontin and Pestana, 2001):  
 
mwD
DHTGw
)/(π=    (3.1) 
 
where; w is the angle of rotation in radians, m is a coefficient function of the vane shape, D is the 
diameter of the vane, H is the height of the vane, T is maximum torque measured.  Madhav and 
Krishna (1977) proposed a relationship between D/H values and m.  According to this 
relationship, D/H=0.5 yields an m value was 0.84.  Calculated Gw values from vane shear test 
data shown in Figures 3.13 and 3.14 are presented in Figure 3.15 at the model scale and in Figure 
3.16 at the “prototype” scale.  
Figures 3.15 and 3.16 indicate that the stiffness of the models is similar when the circumferential 
displacement is greater than 1 cm.  Therefore the three models are expected to show similar 
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response after reaching failure and progressing toward residual strength. On the other hand, at 
low displacement levels (<1 cm), the strain-compatible secant shear modulus (Gw) of S1 is higher 
than that of other the two models (Models S2 and S3).  This implies it is not possible to 
simultaneously meet the similitude requirements for both strength and strain-compatible secant 
shear modulus (Gw) by adjusting the water content of the “model clay”. 
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Figure 3.15.  Variation of Equivalent Secant Shear Modulus (Gw) with Circumferential Displacement  
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Figure 3.16.  Variation of Strain-Compatible Secant Shear Modulus (Gw) with Circumferential 
Displacement in “Prototype” Scale 
 
In addition to the equivalent shear modulus, characterization of stiffness of “model clay” can be 
done with consideration of the maximum shear modulus, Gmax which is the shear stiffness of 
material at very low shear strain.  The most reliable means of assessing Gmax is through 
measurement of shear wave velocity.  Shear wave velocities in this current study were calculated 
based on times of the first arrival of the S-waves that were generated by hitting an aluminum 
plate temporarily place on the embankment, which generated downward vertically propagating 
waves.  Representative shear wave velocities (average shear wave velocity over the height of the 
models) for the Models S1 through S3 are presented in Table 3.6 along with the “target” shear 
wave velocity based on the 1-g similitude rules requirement.  As shown in Table 3.6, there is a 
variation (expressed as coefficient of variation, CV) in measured S-waves velocities due to the 
low repeatability of the wave form generated by hitting aluminum plate.   
Calculated shear wave velocities between accelerometers A1-A3 and A3-A7 shown in Figure 3.1 
indicate that shear wave velocities increase with increasing confining pressure and depth from top 
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of the model surface.  It is assumed that the calculated shear wave velocities between 
accelerometers A1-A3 and A3-A7 represent the shear wave velocity at the middle level of 
accelerometers A1-A3 and A3-A7 respectively.  The relationship between shear wave velocities 
between accelerometers A1-A3, and A3-A7 and the depth from the surface of the model slopes 
for Models S2 and S3 were developed considering all test data.  The Equations 3.2 and 3.3 for 
models S2 and S3 respectively developed by regression analysis on these calculated shear wave 
velocities.  It was not possible to obtain shear wave velocity relations for model S1 because 
during the 36 hours curing time, accelerometer A1 became progressively noisier and eventually 
stopped working.  Although the accelerometers were waterproof, it is suspected that the seals on 
this specific accelerometer sealing were broken.  Therefore, the shear wave velocity measurement 
was only computed between accelerometers A3 and A7 and so the variation of the shear wave 
velocity with the depth was not developed for Model S1. 
The developed variations of shear wave velocities of “model clay” in Models S2 and S3 with 
depth from top surface of the models are presented below in Eqs. 3.2 and 3.3 
 
Vs = 11.506D0.3007      (3.2) 
Vs = 8.5D0.3007     (3.3) 
 
Where; D is the depth from the surface of the model in meters (prototype scale) and Vs is the 
shear wave velocity in m/sec (prototype scale).  Shear wave velocity profiles based on the 
equations 3.2 and 3.3 of Models S2, S3 in “prototype” scale are presented in Figure 3.17.  This 
figure indicates that the required shear wave velocities for the model clay based on the similitude 
laws can not be obtained by adjusting the water content of the model clay.  
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Figure 3.17.  Shear Wave Velocity Profiles of the Models S2 and S3 in the “Prototype” Scale 
 
Maximum shear modulus (Gmax ) of material at very low shear strain can be obtained by Eq. 3.4.  
2
max sVG ρ=     (3.4) 
Where, ρ is the soil density and Vs is the shear wave velocity of soil.  The calculated Gmax for the 
“model clay” used in the Models S1-S3 are presented in Table 3.6 together with the “target” Gmax 
values. In the calculation of Gmax by Eq. 3.4, the average shear wave velocities in Table 3.6 and 
15.7 kN/m3 unit weights were used.  "Target" value of Vs where computed from the desired Gmax 
values. 
Table 3.6.  Maximum Shear Modulus (Gmax ) of the “Model Clay” Used in Each Model Test  
Model 
Geometric 
Scaling 
Factor (λ) 
Target  
Vs (m/sec)
Measured 
Vs (m/sec), 
[Coef. Var., CV] 
Target  
Gmax (kPa) 
Calculated 
Gmax (kPa)
S1 1.00 11.51 11.51 [0.071] 212.02 212.02 
S2 1.43 9.62 6.50 [0.109] 148.01 67.62 
S3 2.50 7.28 3.16 [0.142] 84.81 15.98 
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Figures 3.15 and 3.16, and Table 3.6 show that the small strain shear modulus (Gmax) of the model 
material is significantly higher than the strain-compatible secant shear modulus (Gw) at higher 
shear strain levels obtained from vane shear test results.  It implies that the reduced low-strain 
shear modulus and the strength of the “model clay” according to the similitude rules can not be 
obtained simultaneously with adjusting the water content of the “model clay”. 
3.5.2.3 Failure Mechanisms 
The post-test profiles, deformed spaghetti strands, and failure surfaces of Models S1-S3 were 
presented in Figure 3.21 in “prototype” scale.  The profiles were obtained by surveying each 
model with track-mounted survey device along several longitudinal sections.  The post-test 
profiles of the models along middle section are generally similar for all three models, though the 
behavior near the toe of the largest model differs somewhat from that of the others.  Figure 3.21 
presents the location of the localized shear surfaces developed in the models, which was 
determined by processing digital photographs, presented in Figures 3.18 through 3.20, of 
deformed spaghetti "inclinometer" strands with the technique presented in Section 3.4.  Figures 
3.18 through 3.21 show that deformations are distributed along the height of the model and 
accumulations of these deformations resulted in deep rotational shear surface passing through toe 
of the slope for Models S2 and S3.  The internal shear surface of Model S1 is somewhat 
shallower and does not extend toward the toe of the slope similar to Models S2 and S3.  
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Figure 3.18.  Deformed Spaghetti “Inclinometer” Strands of the Model S3 at Middle Section of Model 
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Figure 3.19.  Deformed Spaghetti “Inclinometer” Strands of the Model S2 at Middle Section of Model 
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Figure 3.20.  Deformed Spaghetti “Inclinometer” Strands of the Model S1 at Middle Section of Model 
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Figure 3.21.  Post-test Profiles and Failure Surfaces of Models S1, S2, and S3 at Middle Section of Models 
in “Prototype” Scale 
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3.5.2.4 Model Responses to Applied Load 
Deformation Behavior under Applied Load 
The models were subjected to the surface load applied through the Plexiglas "footing."  The 
applied surface loads for Models S1-S3 are presented in Figure 3.22 at the “prototype” scale.  
Figure 3.22 indicates that loading rate for Model S1 is higher than that of Models S2 and S3 due 
to variations resulting from manual load application using a hand crank.  
The deformation response under applied load (Figure 3.22) is presented in Figures 3.23 through 
3.25. In these and other figures that follow, results are presented at the prototype scale (assuming 
the large model, S1, as the prototype) to facilitate direct comparison.  In these figures negative 
values of vertical displacement correspond to the downward direction (-y direction), while 
positive values of horizontal displacement corresponds the -x direction (see Figure 3.1 for 
coordinate axis).  
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Figure 3.22.  Applied Load during Model Tests in “Prototype” Scale  
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Potentiometers P6 and P7 (Figure 3.23) show vertical displacement that occurred on the Plexiglas 
footing in response to footing load application.  Figure 3.23 indicates that Model S1 deformed in 
vertical direction with higher rate during first 200 seconds of load application than Models S2 and 
S3 since Models S2 and S3 reached the failure (peak point) later than Model S1 (Figure 3.23).  
After that point Models S2 and S3 showed the faster vertical displacement. 
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Figure 3.23.  Vertical Footing Displacements during Load Application for Models S1, S2 and S3 at the 
Prototype Scale (Potentiometer Locations are shown in Figure 3.1)  
 
Figure 3.24 shows the surface deformations of the models close to toe of the slopes under the 
applied footing load.  Potentiometer P5 measured the horizontal displacement on the slope face 
close to toe of the slopes at the middle section of the models.  Due to the difference in failure 
surface of Model S1, the displacement at P5 for Model S1 is less than that for Models S2 and S3.  
Model S3 shows more horizontal sliding at P5 (approximately 1.5 cm) than Model S2.  A similar 
trend was seen for P4, which measured the combined deformation (horizontal and vertical 
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direction) on the slope surface close to toe of the slopes and close to the side walls.  Model S1 
showed limited sliding at this point, while Models S2 and S3 slid 2.50 and 3.75 cm, respectively 
because of the difference in failure mechanism shown in Figure 3.15.   
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Figure 3.24.  Surface Displacements during Load Application for Models S3, S2 and S1 at Prototype Scale 
(Potentiometer Locations are shown in Figure 3.1) 
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Figure 3.25.  Surface Displacements during Load Application for Models S3, S2 and S1 at Prototype Scale 
(Potentiometer Locations are shown in Figure 3.1) 
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Deformations at P3 and P2 presented in Figure 3.25 are quite similar for Models S2 and S3, 
whereas model S1 moved more than others.  It is worth noting that surface displacements given in 
Figures 3.24 and 3.25 approximately coincide with the maximum load application (110 seconds 
for Model S1 and 230 seconds for Models S2 and S3).  For example Model S1 started sliding at 
approximately 100 seconds near the locations of potentiometers P3 and P2, whereas Models S1 
and S2 started moving around 200-220 seconds. 
The validity of 1-g similitude rules by “modeling-of-models” with 1-g small-scale model tests of 
saturated cohesive soils is also affected by the strain rate of the model clay (Bray et al., 1993).  
Figures 3.22 through 3.25 indicate that strain rates for small scale models (Models S2 and S3) are 
close enough not to see the strain rate effects on the results considering the occurred vertical 
sliding and horizontal sliding and the time to complete that movements.  On the other hand, 
Model S1 shows the faster vertical displacement and the results may have the influence of the 
strain rate due to the faster load application. 
Figures 3.26 and 3.27 show the variation of the vertical displacement of the Plexiglas footing at 
potentiometer P6 with the horizontal sliding of the slopes at the potentiometer P5 and P6 
respectively.  These figures indicate that after application of load, vertical settlement occurred 
without any associated horizontal sliding.  After reaching approximately 2 cm of vertical 
deformation, horizontal sliding on the slope face began and continued increasing with additional 
vertical deformation.  Due to the difference in failure mechanisms, Model S1 shows the different 
behavior than others as shown in Figure 3.26.  Model S1 failed along a shallower failure surface 
and therefore horizontal sliding at P5 was limited and remained constant with increasing vertical 
settlement. 
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Figure 3.26.  Variation of Vertical Footing Displacements at Potentiometer P6 with Horizontal Sliding at 
Potentiometer P5 in “Prototype” Scale 
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Figure 3.27.  Variation of Vertical Footing Displacements at Potentiometer P6 with Horizontal Sliding at 
Potentiometer P3 in “Prototype” Scale 
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Pre-Failure Response and Ultimate Capacity  
Figures 3.28 and 3.29 present the response of the models to the applied crest load. The response is 
represented as the applied load versus displacement of the Plexiglas "footing."  Reflecting the 
strain-softening nature of the model clay (Figures 3.28 and 3.29), a peak resistance (considered 
here as failure) is observed for all tests followed by a gradual reduction in load with continued 
displacement.  The pre-failure load-deformation response is similar, but shown to be "softer" for 
smaller models.  This suggests that the lower strain stiffness of the model clay does not scale in 
direct proportion to its undrained shear.  Generally good agreement in model response is shown 
for the large and medium models.  However, the small model, while exhibiting similar stress-
strain characteristic as the prototype, is nevertheless shown to have failed at a lower load then 
would have been expected based on the similitude relationships.  Both the large and medium 
models failed under an applied load of approximately 88 kg, while the small model failed at a 
lower load level of about 67 kg.  The footing deflection at failure for all models was 
approximately 2 cm.    
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Figure 3.28.  Relationship between Vertical Footing Displacements at Potentiometer P6 and Applied Loads 
in “Prototype” Scale 
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Figure 3.29.  Relationship between Vertical Footing Displacements at Potentiometer P7 and Applied Loads 
in “Prototype” Scale 
 
Figures 3.30 and 3.31 show again the response of the models, this time as the measured 
horizontal deformation response at P5 (along lower slope face, Figure 3.1) and combined 
deformation at P4 as a function of the applied crest load.  The response approximates more rigid-
perfectly plastic relationships, and suggests that the rapid onset of slope movement may coincide 
with localization of a shear surface near the lower portion of the model. Such a response would be 
expected from in a strain softening material.  Though the pre-failure response of the model is 
similar for all three tests, significant movement (i.e., failure) in the smallest model occurs at a 
lower then predicted applied load.  These observations are commensurate with the trends 
presented earlier in Figures 3.28 and 3.29.  
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Figure 3.30.  Relationship between Horizontal Displacements at Lower Part of the Slope Faces of Models 
between Applied Loads in “Prototype” Scale 
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Figure 3.31.  Relationship between Combined Displacements at Lower Part of the Slope Faces of Models 
between Applied Loads in “Prototype” Scale 
 
75 
  
Figures 3.32 and 3.33 show the response of the models, this time as the measured horizontal 
deformation response at potentiometer P3 (along lower slope face, see Figure 3.1) and combined 
deformation at potentiometer P2 as a function of the applied crest load.  The response 
approximates more rigid-perfectly plastic relationships at P3, and implies that models did not 
show any deformation in horizontal direction at the beginning of the load application.  The 
horizontal sliding started later than footing vertical deformation and this rapid onset of slope 
movement may coincide with the rapid sliding at potentiometer P4 and the localization of a shear 
surface of the model.  Due to the combined deformation in vertical and horizontal directions, the 
response of the models at P2 reflects the strain-softening nature of the model clay (Figure 3.31).  
A peak resistance (considered here as failure) is observed for all tests followed by a gradual 
reduction in load with continued displacement.  These observations are coincident with the trends 
presented earlier in Figures 3.28 through 3.31. 
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Figure 3.32.  Relationship between Horizontal Displacements at Upper Part of the Slope Faces of Models 
between Applied Loads) 
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Figure 3.33.  Relationship between Combined Displacements at Upper Part of the Slope Faces of Models 
between Applied Loads in “Prototype” Scale   
 
3.6 Analysis of Results  
The data presented above indicates that the small model reached failure at a lower than expected 
applied load.  A three-dimensional slope stability analyses was conducted to study what effect, if 
any, side boundaries had on the model behavior.  A closed form solution developed by Gens et al. 
(1988) was adopted for this purpose.  The study performed by Gens et al. (1988) considers the 
simplest geometry for a three-dimensional slide, a cylindrical surface with plane ends presented 
in Figure 3.34.  The solution assumes that the models’ side boundaries are vertical surfaces, and 
thus accurately represents the test conditions.  The solution presents the three-dimensional factor 
of safety (F3) as a function of the conventional two-dimensional (F2). 
Two-dimensional factor of safety will be; 
Wd
RCQAc
M
MF u
D
R )(
2
)
==    (3.5) 
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Where; MR is the resisting moments, MD is the driving moments, cu is the undrained shear 
strength of soil, R is the radius of the failure surface, with center at O, )( CQA
)
is the failure 
surface, W is the weight of a slice and d is the horizontal distance of G from the axis of rotation. 
Three-dimensional factor of safety will be; 
WdL
cMRLCQAc
M
MF uEu
D
R 2)(
3
+==
)
  (3.6) 
Hence; 
)
)(
21(23 RLCQA
MFF E)+=    (3.7) 
Where; Me is the first moment of area of each end plane about the center of cylindrical failure 
surface at point O, L is the overall length of the slide. 
 
(a) 
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(b) 
Figure 3.34. Geometry of Three-dimensional Cylindrical Slides with Plane Ends; (a) Cross-section; (b) 
Oblique View (Gens et al., 1988) 
 
The three-dimensional factor of safety presented in Eqn. 3.6 assumes that there is no side friction 
between soil and plane ends.  Three-dimensional factor of safety in Eqn. 3.6 was modified to the 
form presented in Eqn. 3.8 to account for side frictions acting on the side walls for the performed 
small-scale slope Models S1-S3.   
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D
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++==
)
  (3.8) 
Where; cf is the side friction acting on the side walls.  
Analyses were performed using Eqn. 3.8 and considering the side friction parameters determined 
from "sliding block" tests with the model soil and container material (The results of the sliding 
block tests between the “model clay” and Plexiglas side walls using the grease interface materials 
are presented in Section 4.3.3 of Chapter 4).  The results indicate that the end or three 
dimensional effects are more significant in Models S2 and S1 because the width to height ratio of 
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these models is small comparing with the Model S3.  Table 3.7 summarizes F3/F2 ratios and 
widths to height ratios for these slip surfaces under the applied loads during the experiment.  
The results indicate that due to relatively large three dimensional effects, the medium and large 
models have a load capacity that is in the range of 20% to 25% greater than the small model.  
This generally agrees with the 33% difference in load capacity between the large/medium and 
small models (Figures 3.28 through 3.33). It is noted that the width of the models was constant, 
and thus end effects or three dimensional effects contributes a larger portion of ultimate resistance 
for the larger models.  Thus the discrepancy between the capacities of the models is more likely 
related to boundary effects rather than inconsistencies in scaling relations. 
Table 3.7.  Three Dimensional Effects on the Cohesive Slope Models 
Model  S1 S2 S3 
Width/Height (L/H) 0.869 1.36 2.38 
F3/F2 1.55 1.53 1.29 
  
Figure 3.21 presented earlier shows the localized shear surfaces and post-test profiles of the 
models along the centre of the models together with critical failure surfaces obtained with 
conventional two-dimensional limit equilibrium analyses.  Conventional two-dimensional limit 
equilibrium analyses indicate that critical failure surfaces in the shaded zone of Figure 3.21 are in 
the range of 1.098 and 1.108.  Therefore the two dimensional factor of safety (FOS) for the toe 
(Models S2 and S3) and shallow failure surfaces (Model S1) are within several percent of each 
other and hence, the failure surfaces were close to being equally likely. Therefore, it is believed 
that the difference in location of failure surfaces (Figure 3.21) may be relation to minor spatial 
variations in the water content (2%) and/or shear strength, rather then similitude.  
3.7 Conclusions of “Modeling-of-Models” Exercise under Static Loading  
A “modeling-of-models” laboratory exercise conducted in a 1-g environment to investigate the 
applicability and validity of established similitude laws.  The study, which was performed under 
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static loading condition (slow rate of loading), evaluated the behavior of cohesive model slopes at 
small (stiffness) and large strain levels (failure).  While the response of the models was generally 
consistent, differences were noted in (i) ultimate capacity between the small and medium/large 
models, and (ii) failure surface between the small/medium and large models.  These differences, 
however, were attributed to boundary effects and minor spatial variation in model properties, 
rather then the similitude relationships. Based on this research, it is believed that the laws 
governing similitude of cohesive models under 1-g conditions are valid.   
When developing a 1-g physical modeling experimental program, it is important to take boundary 
conditions into account, especially when the model is relatively narrow, or when the model is 
large enough to have significant interaction with the sidewalls. It is also important to recognize 
that spatial variability in boundary conditions, strength, and water content of the model materials 
is an inherent part of many model programs, and came in some instance effect the experimental 
results. 
The first part of “modeling-of-models” experimental study emphasizes the importance of the 
width or height/width ratio of the small-scale model tests.  The experimental results indicate that 
the width of the models should be selected considering the end effects of the containers.  The 
study presented in Chapter 4, Section 4.3.3 show that the region 0.6 times height of the model 
way from each side wall is highly affected with the side walls effects.  It indicated that small 
scale model height to width ratio should be at least 2 to have wide enough section not having any 
effects of the side walls and boundary conditions.  This criterion was applied in the second part of 
this experimental study, which considers the validity of scaling laws under dynamic conditions.    
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3.8 Results of “Modeling-of-Models” Study under Dynamic Loading Case 
3.8.1 Overview  
The second part of “modeling-of-models” exercise involved three small-scale cohesive model 
embankments tested under dynamic excitation. Similar to the modeling-of-models experimental 
study under static loading, the largest Model D1 (Figure 3.35) was considered as the “prototype” 
embankment.  Other two models’ (D2 and D3) properties (i.e. geometry, strength, stiffness, and 
input motion details) were adjusted according to the similitude laws presented in Table 3.1 and 
presented in Table 3.2.  When constructing the smaller models, instrumentation was positioned to 
be consistent with the selected geometric scaling factor to facilitate direct comparison of the 
experimental results.  The location of instrumentations (displacement potentiometers and 
accelerometers) are shown Figure 3.35 and summarized in Table 3.4.  Figures 3.36 to 3.37 show 
photos of fully instrumented slope models D1-D3 after completion of model building and 
instrumentation processes. 
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Figure 3.35.  Geometry and Instrumentation Plan of Model D1 
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Figure 3.36.  Fully Instrumented Small-scale Slope Model D3 
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Figure 3.37.  Fully Instrumented Small-scale Slope Model D2 
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Figure 3.38.  Fully Instrumented Small-scale Slope Model D1 (“Prototype”) 
 
3.8.2 Input Motions and Data Processing 
The model slopes were subjected to a suite of ground motions including synthetic (frequency 
sweeps and sine waves) and recorded earthquake motions with varied frequency content, duration 
and amplitude.  The sine pulses and a scaled motion recorded at the Redwood City seismograph 
station (RWC) during the Loma Prieta earthquake were included in the test schedule.  Details of 
the motions used in each small-scale model experiment are tabulated in Table 3.8.  As shown in 
the Table 3.8, frequency content, duration and acceleration level were adjusted according to 
previously developed similitude laws in Table 3.1.  The models were shaken with the low 
amplitude (0.03g < PGA <0.08g) sine sweeps before moderate to high amplitude sine pulses and 
recorded earthquake motion at Redwood City seismograph station and also after those destructive 
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motions to find the fundamental frequency of the models.  The frequency sweep motions 
consisted of a four second ramping windows at the beginning and at the end of the full amplitude 
motion (Figure 3.50).  The input frequency linearly increased from 5.4 Hz to 12.5 Hz and 3.3 Hz 
to 11.5 Hz (model scale) during the 20 second duration of the motions.  
Table 3.8.  Details of Input Motions in “Model” Scale 
Model 
Name 
Motion 
Type 
Motion 
No 
PGA 
(g) 
Significant 
Duration 
D5-95(sec) 
Mean 
Frequency 
(Hz) 
Mean 
Period 
(sec) 
Arias 
Intensity 
(m/sec) 
Predominant 
Frequency 
(Hz) 
Sine Pulse 1 0.358 5.929 7.686 0.149 1.397 6.51 
Sine Pulse 2 0.463 5.858 8.043 0.148 3.003 6.51 
Sine Pulse 3 0.502 5.855 8.175 0.148 3.800 6.51 
Sine Pulse 4 0.531 5.868 8.248 0.147 4.388 6.51 
Sine Pulse 5 0.535 5.864 8.357 0.147 5.174 6.51 
RWC 6 0.770 3.702 3.285 0.490 1.550 4.15 
RWC 7 0.901 3.708 3.149 0.497 2.157 4.15 
RWC 8 0.905 3.723 3.090 0.499 2.477 4.15 
D1 
RWC 9 0.998 3.611 3.160 0.497 2.749 4.15 
Sine Pulse 1 0.330 4.897 9.472 0.125 1.256 7.55 
Sine Pulse 2 0.472 4.909 9.941 0.123 2.567 7.55 
Sine Pulse 3 0.528 5.004 10.055 0.122 3.370 7.55 
Sine Pulse 4 0.640 5.060 10.120 0.122 4.962 7.55 
Sine Pulse 5 0.626 5.096 10.124 0.122 4.979 7.55 
RWC 6 0.653 3.299 6.895 0.211 0.913 5.00 
RWC 7 0.884 3.176 7.000 0.211 1.545 5.00 
RWC 8 0.998 3.023 6.970 0.210 2.188 5.00 
D2 
RWC 9 1.002 3.032 6.985 0.211 2.212 5.00 
Sine Pulse 1 0.310 3.001 12.643 0.092 0.625 10.00 
Sine Pulse 2 0.449 3.352 13.082 0.091 1.576 10.00 
Sine Pulse 3 0.532 3.471 13.203 0.090 2.369 10.00 
Sine Pulse 4 0.661 3.600 13.317 0.090 4.081 10.00 
Sine Pulse 5 0.649 3.643 13.340 0.090 4.095 10.00 
RWC 6 0.655 2.417 8.538 0.163 0.743 6.67 
RWC 7 0.899 2.144 8.545 0.162 1.486 6.67 
RWC 8 1.031 2.139 8.485 0.163 2.019 6.67 
D3 
RWC 9 1.015 2.142 8.412 0.163 2.022 6.67 
 
Note 3: 
1. Ground motion parameters were calculated using the shaking table accelerometer 
2. Mean frequency was calculated after Rathje et al. (1998)  
3. Significant duration was calculated after Trifunac and Brady (1975) 
4. Mean period was calculated as arithmetic inverse of the mean frequency 
5. Arias intensity was calculated after Arias (1970) 
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Instrumentation data were sampled at a frequency of 1350 Hz and 650 Hz (model-scale) during 
the tests, with the lower sampling rate being used for the longer duration test motions.  The 
acceleration time histories recorded during input motions were zeroed and baseline corrected 
using a 4th order high pass Butterworth filter with a corner frequency of 0.75 Hz.  Displacement 
transducer readings were zeroed but otherwise unprocessed.  
3.8.3 Results 
The validity of the 1-g similitude laws was assessed by considering consistency in (i) failure 
mechanism between the three models, (ii) dynamic response of the models during low to high 
strain levels, and (iii) deformation characteristics. 
3.8.3.1 Geometry 
The pre-failure profiles of three small-scale models (D1-D3) in “prototype” scale are presented in 
Figure 3.39 indicating that there are minor differences in geometry between three models.  
Nevertheless, required similitude in the geometry of models was generally obtained. 
Pre-shaking Profile of Model D1
Pre-shaking Profile of Model D2
Pre-shaking Profile of Model D3
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Figure 3.39.  Pre-shaking Profiles of Models in “Prototype” Scale 
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3.8.3.2 Model Properties 
The clay embankment models tested in this experimental study consist of two soil zones, an upper 
soft clay layer and a stiffer base soil layer.  The base soil layer, which had lower water content 
than upper soil layer, minimized the boundary effects by precluding development of a failure 
surface that intersects the rigid boundary. 
Upper Soil Layer Properties 
The upper soft soil layers of Models D1 to D3 water content was adjusted based on the required 
undrained shear strength to obtain similitude between the models.  The upper soil layers’ 
undrained shear strengths were measured in-place using a miniature vane shear as discussed 
earlier in Section 3.5.2.2.  Results are presented in Figure 3.40 at the model scale and again in 
Figure 3.41 at the “prototype” scale.  The vane shear tests data show that peak undrained shear 
strengths for Models D1 and D2 were mobilized after approximately 4 mm of circumferential 
displacement and 6 mm for the Model D3, after which strength reduces and progressively 
approaches its residual value.   
The vane shear test results are summarized in Table 3.9 along with the target shear strength 
values based on the similitude requirements.  Table 3.9 indicates that the measured and target 
shear strength values are similar indicating that the similitude requirements were generally met.   
Table 3.9.  Undrained Shear Strength of “Model Clay” Used in Each Model Test 
Model 
Geometric 
Scaling 
Factor (λ) 
Target 
Su-peak 
(kPa) 
Measured 
Su-peak (kPa), 
[Coef. Var., CV]
 
Vane Shear 
Tests (#) 
Measured 
Water Content (%), 
[Coef. Var., CV] 
D1 1.00 3.32 3.32 [0.018] 4 87.05  [0.010] 
D2 1.43 2.32 2.29 [0.035] 6 100.11 [0.014] 
D3 2.50 1.33 1.52 [0.066] 6 113.55 [0.014] 
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Figure 3.40.  Results of Vane Shear Tests for Models D1-D3  
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Figure 3.41.  Results of Vane Shear Tests for Models D1-D3 in “Prototype” Scale 
 
Torque versus angle of rotation curves obtained from vane shear tests can be used to estimate the 
shear modulus of the soil based on equations presented by previous researchers [ e.g., Cadling 
and Odenstad (1950), Madhav and Krishna (1977), Selvadurai (1979), Pamukcu and Suhayda 
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(1988), Biscontin and Pestana (2001)].  In general, the equivalent "secant" shear modulus, Gw, 
can be estimated as given in Eq. 3.1 (Biscontin and Pestana, 2001).  
Equivalent “secant” shear modulus, Gw, for the performed vane shear tests were presented in 
Figure 3.42 at the model scale and Figure 3.43 at the “prototype” scale.  Figure 3.43 shows that 
stiffness of the models is almost same when the circumferential displacement reaches 1 cm.  This 
indicates that three models will show the similar response after passing the failure and reaching 
the residual strength.  Though having the same stiffness at higher strain level, at the low 
deformation and strain level, Model D1 has the higher stiffness value.  These observations are 
commensurate with the trends presented earlier in Figures 3.13 and 3.14 and imply that the lower 
strain stiffness of the model clay does not scale with adjusting the water content of model clay.  
Similar observations were noted by Wartman and Riemer (2005) based on element testing of the 
model soil.  They suggested adding the fly ash to the model clay to obtain the similitude 
requirements for low strain stiffness 
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Figure 3.42.  Variation of Equivalent Secant Shear Modulus (Gw) with Circumferential Displacement 
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Figure 3.43.  Variation of Equivalent Secant Shear Modulus (Gw) with Circumferential Displacement in 
“Prototype” Scale 
 
The low strain stiffness of the models can also be calculated using Eq. 3.4.  Shear wave velocities 
of upper soil layer were measured as described earlier in section 3.5.2.2.  Shear wave velocities 
were estimated based on times of the first arrival of the S-waves that were generated by hitting 
the aluminum plate on the embankment as described earlier in section 3.5.2.2.  Measured shear 
wave velocities (average value along height of the models) for the upper soil layers of the Models 
D1-D3 were given in Table 3.10 with the “target” shear wave velocity based on the 1-g similitude 
rules requirement.  Shear wave velocities between accelerometers A3-A4 and A4-A5 indicated 
that shear wave velocities increase with increasing confining pressure and depth from top of the 
model surface.  Relationships (Eq. 3.2 and Eq. 3.3) between shear wave velocity and the depth 
from the surface of the model slopes and the shear wave velocity profiles (Figure 3.17) developed 
for models S2 and S3 were valid for the Models D2 and D3 because “model clay” with close 
water content used in dynamic and static model tests.  Due to the problem in accelerometer A3 
(similar problem with accelerometer A1 in Model S1) shear wave velocity measurements were 
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completed for only accelerometers A4 and A5 and so the variation of the shear wave velocity 
with the depth did not develop for Model D1.  
Table 3.10.  Low Strain Shear Modulus (Gmax ) of the “Model Clay” Used in Each Model Test 
Model 
Geometric 
Scaling 
Factor (λ) 
Target 
Vs (m/sec)
Measured 
Vs (m/sec),  
[Coef. Var., CV] 
Target 
Gmax (kPa) 
Calculated 
Gmax (kPa) 
D1 1.00 11.20 11.20 [0.071] 200.76 200.76 
D2 1.43 9.37 6.50  [0.109] 140.39 67.62 
D3 2.50 7.08 3.26  [0.156] 80.30 17.01 
 
The Gmax based on the measured average shear velocities for the Models D1-D3 are presented in 
Table 3.10 together with the “target” Gmax values.  
Base Soil Layer Properties 
The properties of the base soil layer, which had lower water content than upper soil layer, are 
presented earlier in Table 3.2 for the Models D1-D3.  Vane shear tests results for each model are 
presented in Figure 3.44 as variation of shear strength with circumferential displacements.  There 
is small variation among three models due to small percentage difference in water content of the 
base soil layer.  As shown in Figure 3.44 undrained shear strength of the base soil is in the range 
4.4 to 4.8 kPa and residual shear strength is around 2.4 kPa.  
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Figure 3.44.  Results of Vane Shear Tests of Base Soil from Models D1-D3 
 
The equivalent "secant" shear modulus, Gw, for the base soil were estimated as given in Eq. 3.1 
and the variation of equivalent "secant" shear modulus, Gw, with the angular rotation was given in 
Figure 3.45.  Figure 3.45 shows that the stiffness of the base soil layer at low and higher strain 
layer is much higher than the upper soil layers.  
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Figure 3.45. Variation of Equivalent Secant Shear Modulus (Gw) with Circumferential Displacement for 
Base Soil 
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Shear wave velocities of the base soil layers were also estimated in the same way described in the 
previous section between accelerometers A6 and A7.  The average shear wave velocity for the 
base soil layer was around 15 m/sec.  Low strain stiffness, Gmax, of the base soil layer was 360 
kPa based on the measured shear wave velocity and Eq. 3.4. 
3.8.3.3 Failure Mechanisms of Models 
The post-test profiles and failure surfaces of Models D1-D3 are presented in Figure 3.49 at 
“prototype” scale.  The post-test profiles obtained by surveying each model with track-mounted 
survey device along middle section of the models are generally similar for all three models.  
Failure surfaces of the models were obtained by digitizing the deformed spaghetti strands shown 
in Figures 3.46-3.48.  Figures 3.46 through 3.49 show that deformations distributed along the 
height of the model and localized along a single failure surface.  It indicates that the models have 
a similar failure mechanism, deep rotational and translational displacements passing through toe 
of the slopes. 
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Figure 3.46.  Deformed Spaghetti “Inclinometer” Strands of the Model D3 at the Middle Section of Model 
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Figure 3.47.  Deformed Spaghetti “Inclinometer” Strands of the Model D2 at Middle Section of Model 
 
 
 
Spaghetti 
Strands 
Checkered 
Grid 
96 
  
 
 
Figure 3.48.  Deformed Spaghetti “Inclinometer” Strands of the Model D1 at the Middle Section of Model 
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Figure 3.49.  Post-test Profiles and Failure Surfaces of Models D1-D3 in “Prototype” Scale  
 
3.8.3.4 Low Strain Dynamic Response of Models 
The low amplitude frequency sweep motions (5.4 Hz to 12.5 Hz and 3.3 Hz to 11.5 Hz) provided 
information on the dynamic characteristics of the models.  The response of Accelerometers A3, 
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A4 and A5 embedded in the models during these low amplitude frequency sweeps are presented 
in Figure 3.50.  All plots and results are presented in “prototype” scale.  
Pre-Failure Dynamic Response 
Insight to the pre-failure dynamic response of the models was obtained from the response of the 
models during low level of frequency sweep motions.  Models were shaken with four to six 
frequency sweeps having peak horizontal "ground" accelerations in the range of 0.03g to 0.08g 
before being subjected to moderate to high intensity motions (sine waves and scaled motion 
recorded at the Redwood City seismograph station).  These later high intensity motions induced 
permanent deformation in the models.  After completion of the frequency sweeps, the models 
were surveyed with profiler described in Section 3.4 along the middle section to see any 
deformations were generated during the sweep motions.  The obtained profiles indicated that 
there is no deformation occurred during these low amplitude test motions. 
For brevity, only one of the several low-amplitude frequency sweep tests will be discussed in 
detail in this section; however, it is noted that generally similar response was noted in the other 
tests.  The acceleration-time histories for one of the low level sine sweeps (3.3 Hz to 11.5 Hz) are 
presented for all three models in Figures 3.50 and 3.51 at the prototype scale.  To obtain 
similitude requirements, the amplitude of the input motion should be the same.  Due to the 
difference in shaking table performance with various model weight, there is minor variation 
approximately 5% to 10% difference in the maximum ground acceleration for the frequency 
sweeps.  Spectral accelerations for these input motions over the frequency are presented in Figure 
3.52, which shows that the shaking table has limitations at low acceleration and displacement 
levels and therefore constant amplitude over the full frequency range (3.3 Hz to 11.5 Hz) could 
not be obtained.  Nevertheless, the frequency content of these motions was sufficient broad so as 
to span the fundamental frequency of the model. 
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Figure 3.50.  Acceleration Time Histories of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale 
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Figure 3.51.  Acceleration Time Histories of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale 
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Figure 3.52.  Spectral Accelerations of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale 
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Figure 3.53.  Spectral Accelerations of Accelerometers (A4 and A5) in “Prototype” Scale 
 
The response of models under given input motion is presented in Figure 3.53 and Figure 3.54, 
which show spectral accelerations and spectral ratios of the selected accelerometers respectively.  
The spectral acceleration ratio is defined as response spectral acceleration (damping = 5%) of a 
given accelerometer divided by the spectral acceleration for an accelerometer attached to the 
shaking table (i.e. the base input motion).  The amplified response at top of the models indicates 
that the fundamental frequency of the models was in the range of 6.2 Hz to 6.5 Hz.  Model D1 
amplified the base motion at 6.5 Hz; the other two models (D2 and D3) amplified the selected 
frequency sweep at 6.25 Hz and 6.20 Hz respectively.  Figure 3.54 shows that the degree of the 
amplification of the base motion at top of the Model D3 is higher than the others and Model D2 
amplification is higher than Model D1.  This variation can be explained with the difference in low 
strain stiffness of the models.  As indicated in Table 3.10 and Figure 3.43, the stiffness of the 
models is decreasing with increasing water content of the “model clay.”  The softest of the 
models, Model D3, experienced the most amount of amplification among all models.  The 
difference in the pre-test fundamental frequencies of the models is evidence for the difference in 
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low strain stiffness of the models.  As noted earlier, it was not possible to obtain similitude via 
adjustment of water content for low strain stiffness of the models.   
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Figure 3.54.  Spectral Ratios [The Ratio of Response Spectral Acceleration of a Given Accelerometer to the 
Spectral Acceleration of the Base Input Motion (damping = 5%)] of Accelerometers (A4 and A5) in 
“Prototype” Scale  
 
Pre-test dynamic characterization of the models (i.e. fundamental frequency of the models) was 
studied for all applied frequency sweeps considering spectral ratios.  The variation of pre-test 
fundamental frequencies of the models with the amplitude of applied base motions is presented in 
Figure 3.55.  There is an obvious trend for Models D1 to D3 showing that fundamental frequency 
is decreasing with increasing amplitude of the sine sweep motions.  This is evidence of the effects 
of soil non-linearity on the dynamic characteristics of the models.  For example, Model D1 
amplified shaking table motions at 6.7 Hz during the first low amplitude sweep test with the 
amplitude of 0.05g; whereas during the slightly higher-amplitude (PGA = 0.10g) sweep test, 
which induced larger dynamic shear strains, the shear modulus of the soft clay was slightly 
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reduced, resulting in a lower amplified frequency of 6.3 Hz. The similar observations were also 
observed for the other Models D2 and D3.   
Pre-test two-dimensional fundamental frequencies of the models were calculated using a 
theoretical relationship proposed by Ambraseys and Sarma (1967) for triangular-shaped 
embankment Ts=2.61H/Vs, where H=height, Vs=shear wave velocity, and Ts=fundamental period 
of the model.  Model D1 theoretical fundamental frequency was in the range of the 6.96 Hz to 
7.44 Hz.  Other two Models D2 and D3 fundamental frequencies are in the range of 6.85 Hz to 
6.32 Hz and 5.42 Hz to 6.32 Hz.  These calculations were based on the average shear wave 
velocities and its variation presented in Table 3.10.  It is worth noting that the fundamental 
frequencies of the models obtained from amplified response during the frequency sweeps are 
similar to the two-dimensional theoretical fundamental frequencies.  
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Figure 3.55.  Pre-test Fundamental Frequencies of the Models in “Prototype” Scale  
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Post-failure Dynamic Response 
Post-failure dynamic characteristics of the models were obtained in the same manor described in 
the previous section.  Models were shaken with four to six low amplitude (0.03g < PGA <0.08g) 
frequency sweep motions after being earlier subjected to moderate to high intensity motions (sine 
pulses and Redwood City recorded motion).  As discussed in Section 3.8.3.5.2 and 3.8.3.6.2, 
these earlier motions induced permanent deformation in the models.  Acceleration-time histories 
for one of the low level sine sweeps (3.3 Hz to 11.5 Hz) was presented in Figures 3.56 and 3.57 at 
the “prototype" scale.  Spectral accelerations of these input motions are presented in Figure 3.58.  
Although there is minor variation in acceleration time histories and the spectral accelerations of 
the sweep type input motions, these differences are unlikely to have resulted in differences in 
dynamic behavior of the models.  
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Figure 3.56.  Acceleration Time Histories of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale (Zoomed) 
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Figure 3.57.  Acceleration Time Histories of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale 
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Figure 3.58.  Spectral Accelerations of Table Accelerometer during Frequency Sweep Motion in 
“Prototype” Scale 
 
The post-failure dynamic behavior of models under applied input motion presented in Figure 3.59 
and Figure 3.60 show the spectral accelerations and spectral ratios of selected accelerometers 
respectively.  The amplified response at top of the models indicated that the post-failure 
fundamental frequencies of the models were in the range of 4.9 Hz to 5.25 Hz.  Model D3 
amplified the base motion at 4.95 Hz; the other two models (D2 and D1) amplified the selected 
frequency sweep at 4.92 Hz and 5.25 Hz respectively.  The reduction in the fundamental 
frequencies of the models during the tests can be explained with the softening of the model under 
applied motions and deformations generated during the earlier high-intensity, destructive 
motions.  Another the plausible explanation for decreasing in the fundamental frequencies of the 
models can be the generation of pore water pressure during tests.  Although “model clay” has low 
permeability and low rate of consolidation, it is possible to see low pore water pressure 
generation as a consequence of repeated shaking.  The effects of differences in the low strain 
stiffness of the models on dynamic behavior of the models such as, post-failure fundamental 
frequencies and amplitude of the amplifications can be seen in Figure 3.61.   
107 
  
0 5 10 15 20 25 30
Frequency (Hz)
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
Sp
ec
tra
l A
cc
el
er
at
io
n
Model D3 @ A5
Model D2 @ A5
Model D1 @ A5 
Model D3 @ A4
Model D2 @ A4
Model D1 @ A4
 
Figure 3.59.  Spectral Accelerations of Accelerometers (A4 and A5) in “Prototype” Scale 
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Figure 3.60.  Spectral Ratios [The Ratio of Response Spectral Acceleration of a Given Accelerometer to the 
Spectral Acceleration of the Base Input Motion (damping = 5%)] of Accelerometers (A4 and A5) in 
“Prototype” Scale 
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Post-failure dynamic characteristics of the models (i.e. fundamental frequency of the models) for 
all frequency sweeps with different amplitudes are presented in Figure 3.61.  The general trend 
for the variation of post-failure fundamental frequencies with the amplitude of the base motions 
are commensurate with the trends presented earlier in Figure 3.55.  Slight reduction in 
fundamental frequency with increasing amplitude showed the effects of soil non-linearity on the 
dynamic characteristics of the models.  For example, Model D1 amplified shaking table motions 
at 5.25 Hz during the first low amplitude sweep test with the amplitude of 0.035g; whereas during 
the slightly higher-amplitude (0.09g) sweep test resulting in a lower amplified frequency 5.00 Hz. 
The similar observations are also observed for the other Models D2 and D3.   
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Figure 3.61.  Post-test Fundamental Frequencies of the Models in “Prototype Scale 
 
3.8.3.5 Response of Models during Sine Pulses 
The models were shaken with a total of five sine pulses with increasing amplitude as summarized 
in Table 3.8.  To meet similitude requirements duration, and in consequence, frequency content, 
of the motions were adjusted.  Table 3.8 indicates there is small variation in amplitude of the 
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motions due to the limitation of the shaking table performance.  For brevity, only the models’ 
response during test motion 2 will be presented in the following sections. 
Dynamic Response of Models during Test Motion 2 
The dynamic response of the models during the 2nd sine pulse is presented in Figure 3.62 through 
3.65.   
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Figure 3.62.  Acceleration Time Histories of Table Accelerometer during 2nd Input Motion, Sine Pulse, in 
“Prototype” Scale 
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Figure 3.63.  Acceleration Time Histories of Table Accelerometer during 2nd Input Motion, Sine Pulse, in 
“Prototype” Scale (Zoomed) 
 
0 5 10 15 20 25
Frequency (Hz)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Sp
ec
tra
l A
cc
el
er
at
io
n
Model D1
Model D2
Model D3
 
Figure 3.64.  Spectral Accelerations of Table Accelerometer during 2nd Input Motion, Sine Pulse, in 
“Prototype” Scale 
 
The amplified response of the models was concentrated at 6.5 Hz, which corresponds to the 
predominant frequency of the applied sine pulse at “prototype” scale.  The degree of 
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amplification was not same for all three models.  This difference in the amplification level may 
caused by the difference in the input motions given in Figures 3.62 and 3.63.  To make a good 
comparison between models all instruments locations should also follow the similitude 
requirements.  Although the proposed instrumentation plan followed scaling laws, during model 
building small offsets occurred between real and proposed locations of the accelerometers.  These 
limitations should be considered assessing the spectral accelerations of the models at given 
accelerometers level.  
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Figure 3.65.  Spectral Accelerations of Accelerometers (A4 and A5) in “Prototype” Scale 
 
Deformation Response of Models during 2nd Motion 
The five sine pulses (motion 1-5) presented in Table 3.8 did not generate any noticeable 
deformation within the models.  Comparison of the pre-test model profiles in Figure 3.39 with the 
surveyed models’ profiles after first five input motions in Figure 3.66 indicates that the five sine 
pulses induced very limited displacement (0.25 cm – 0.50 cm) along the middle sections.  This 
limited deformation along the models’ surface is evidence of the similarity of deformation 
response of the models during the sine pulses. 
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Figure 3.66.  Post-test Profiles of Models D1-D3 after Five Sine Pulses in “Prototype” Scale 
 
3.8.3.6 Response of Models during Recorded Earthquake Motions 
Following the first five input motions, the models were shaken with an earthquake motion 
recorded at the Redwood City seismograph station location during the 1989 Loma Prieta 
earthquake.  Dynamic and deformation response of the models during the recorded earthquake 
motion is presented in the following section for test motion 7. 
Dynamic Response of Models during 7th Motion  
Dynamic response of the models during 7th input motion is presented as a spectral acceleration of 
the selected accelerometer A4 and A5.  Acceleration-time histories and spectral acceleration of 
input motion 7 presented in Figures 3.67 and 3.68 at the “prototype” scale showed that there is 
small variation in the amplitude of the motions. Figure 3.54 indicates that frequency content of 
the motion 7 for three models (D1, D2, and D3) is almost the same.  Referencing the similitude 
rules of Table 3.1, it can be said that similarity in frequency content, duration and the amplitude 
of the input motions was achieved successfully.  
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Figure 3.67.  Acceleration Time Histories of Table Accelerometer during 7th Input Motion, Recorded 
Earthquake at Redwood City, in “Prototype” Scale  
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Figure 3.68.  Acceleration Time Histories of Table Accelerometer during 7th Input Motion, Recorded 
Earthquake at Redwood City, in “Prototype” Scale (1 to 4 Seconds) 
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Figure 3.69.  Spectral Accelerations of Table Accelerometer during 7th Input Motion, Recorded Earthquake 
at Redwood City, in “Prototype” Scale 
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The response of the models during the input motion 7 was presented in Figure 3.69 and Figure 
3.70 in spectral accelerations and spectral ratio respectively for the selected accelerometers.  
Figure 3.70 shows that the models amplified the applied input motion in 2.5 Hz to 5.5 Hz 
frequency band that is same for three models and the selected accelerometers.  There is small 
difference in the amplification level may caused by the difference in the input motions given in 
Figures 3.67 and 3.68, and also difference in the stiffness of the models given in section 3.8.3.2.1. 
0 4 8 12 16 20
Frequency (Hz)
0
2
4
6
8
10
Sp
ec
tra
l A
cc
el
er
at
io
n
Model D1 @ A5
Model D2 @ A5
Model D3 @ A5
Model D1 @ A4
Model D2 @ A4
Model D3 @ A4
 
Figure 3.70.  Spectral Accelerations of Accelerometers (A4 and A5) in “Prototype” Scale 
 
Deformation Response of Models during 7th Motion  
Models started sliding in the horizontal and vertical directions during the applied recorded input 
motions (i.e., motions 6 through 9).  The models were surveyed with survey profiler along the 
middle section after each scaled recorded earthquake at Redwood City seismograph station, 
motion.  Post-test profiles of the models after second scaled recorded earthquake at Redwood 
City seismograph station (input motion 7) presented in Figure 3.71 shows that models slid in 
horizontal direction concentrated near the toe of the slopes and also models moved in vertical 
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directions.  Although trends in deformation behavior are similar, there is minor variation 
(maximum 2 cm) in the magnitude of deformations.  
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Figure 3.71.  Post-test Profiles of Models after Input Motion 7 in “Prototype” Scale 
 
3.8.3.7 Overall Dynamic and Deformation Response of Models 
To gain insights to the dynamic and deformation characteristics of the models, their responses 
were considered together.   
Overall Dynamic Response 
The dynamic response of the models during the pre-test and post-test low amplitude sine sweeps 
input motions (Table 3.8) is considered as variation of the input motion PGA with the amplified 
PGA at the top of the embankment (A5).  Figure 3.72 shows the variation for all input motions 
while Figure 3.73 shows only data for the low-amplitude frequency sweeps.  Figure 3.73 
indicates that Model D3 amplified the low amplitude sine sweeps to the higher degree than 
Models D2 and D1.  The peak ground accelerations close to the surface of the Model D3 is higher 
than that for Models D2 and D1.  Similar trends can be seen during the recorded earthquake (i.e., 
motions 6-9).  This difference in the amplification of the input motions may relate to the models’ 
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stiffness.  Figures 3.42 and 3.43 indicate that Model D3 has lowest stiffness at low strain level.  
Due to the low stiffness of the Model D3, the higher amplification in Model D3 is expected.  
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Figure 3.72.  Variation of PGA Acceleration of Table and Surface of the Models 
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Figure 3.73.  Variation of PGA Acceleration of Table and Surface of the Models during Non-destructive 
Motions 
 
Overall Deformation Response 
As noted earlier, the models showed noticeable deformations during last 4 input motions (motions 
4-9) and limited deformations during the sine pulses (motion 1-5).  Comparison of the models’ 
deformation characteristics are presented in Figure 3.74 as the variation of the horizontal sliding 
at toe of the slopes with the ratio of yield acceleration coefficient (ky) to peak ground acceleration 
(pga) of the input motions.  The ratio of yield acceleration coefficient (ky) of each models were 
obtained with conventional two-dimensional limit equilibrium analyses.  After each input motion, 
the ratio of yield acceleration coefficient (ky) were recalculated considering softening effect of the 
models.  The yield acceleration coefficient (ky) were calculated after each input motion 
considering horizontal sliding at toe of the slope and variation of undrained shear strength with 
circumferential displacements obtained from vane shear tests presented in Figures 3.30 and 3.31.   
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Figure 3.74.  Variation of Observed Displacement at Toe of Slopes with ky/pga  
 
Figure 3.74 indicates that all models have a similar trend but the amplitude of the deformation is 
higher in Model D3 than the others.  This difference in the deformation amplitude can cause by 
the difference in the stiffness of the models presented in Figures 3.42 and 3.43. Figures 3.42 and 
3.43 present the equivalent “secant” shear modulus, Gw, of the models based on the vane shear 
tests.  Figure 3.43 shows that stiffness of the models is almost same when the circumferential 
displacement reaches 1 cm.  This indicates that three models will show the similar response after 
passing the failure and reaching the residual strength.  Though having the same stiffness at higher 
strain level, at the low deformation and strain level, Model D1 has the higher stiffness value than 
Models D2 and D3.   
3.9 Conclusions of “Modeling-of-Models” Exercise under Dynamic Loading  
The “modeling-of-models” laboratory exercise conducted in a 1-g environment under dynamic 
loading case considers the behavior of cohesive model slopes at small (low-strain shear modulus) 
and large strains (failure).  While the strength of the “model clay”, failure mechanisms and 
deformation response of the models were generally consistent, differences were noted in (i) shear 
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wave velocities of “model clay” and by association, low strain stiffness, (ii) dynamic response 
and fundamental frequencies of the models during low amplitude frequency sweeps, and (iii) 
overall dynamic characteristics of the models including amplification of low amplitude frequency 
sweeps and higher amplitude sine pulses and real EQ motions through the models.  The small 
difference in dynamic characteristics and fundamental frequency of the models is due to the lack 
of complete similitude in the stiffness of the models.   
3.10 Conclusions of “Modeling-of-Models” Exercise  
This “modeling-of-models” laboratory exercise conducted in a 1-g environment to investigate the 
applicability and validity of established similitude laws was performed under both static and 
dynamic loading conditions.  The experiments included 6 small-scale models and considered the 
behavior of a simple cohesive earth system at small (pre-failure deformations) and moderate-to- 
large (failure) strains.  This experimental study showed that strength of the models is the key 
property governing the response of the models under static loading condition.  Conversely, the 
response of the models under dynamic loading case generally depends on the stiffness of the 
models at low strain level.  
The “modeling-of-models” exercise under static loading case indicates that the response of the 
models was generally consistent, yet differences where note in (i) ultimate capacity between the 
small and medium/large models, and (ii) failure surface between the small/medium and large 
models were observed.  These differences are believed to be related to boundary effects and 
minor spatial variation in model properties, rather then the similitude relationships.  
The laboratory exercise under dynamic loading case indicated that while failure mechanisms and 
deformation response of the models was generally consistent, there are small differences in the 
stiffness of the models, and as a result, the fundamental frequencies and dynamic response of the 
models.  
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Based on this research, it is believed that the established laws governing similitude of cohesive 
models under 1-g conditions [Clough and Pirtz (1956), Rocha (1957), Seed and Clough (1963), 
Roscoe (1968), and Scott (1989)] are valid.  Boundary conditions become especially important 
when the model is relatively narrow, or when the model has large enough to have significant 
interaction with the sidewalls.  This should be considered during experimental design of a 
physical model test program to ensure that meaningful results are obtained.
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CHAPTER 4: RELIABILITY AND REPEATIBILITY ASSESSMENT OF ONE-G 
PHYICAL MODELING 
4.1 Introduction 
Like any other laboratory method, a successful physical model tests should generate reliable and 
repeatable quantitative data. One of the objectives of this laboratory study is to investigate how 
different sources of uncertainty affect the reliability of physical model tests’ outcomes and how 
repeatable physical model tests results can be obtained. 
The reliability and repeatability of the quantitative data depends on many factors such as sample 
preparation, container boundary treatments, selected instrumentation, data acquisition systems, 
and controlled input base motions by shaking systems. Physical modeling researchers have 
followed many of the recent advancements in sensing, control and information technology. In 
doing so, the accuracy of the recorded measurements has been increased and the capabilities of 
experimental facilities have been raised.  Today, highly accurate, relatively low cost, miniaturized 
instrumentation (e.g. accelerometers, displacement monitors, pressure transducers) are commonly 
used and with these instrumentations, and, large amounts of highly accurate data can be obtained.   
Owing largely to cost and time constraints, only several researchers repeated model tests to assess 
the reliability and repeatability of the test results.  Corte et al. (1988) performed a study to 
consider variation in high-g physical modeling tests (i.e., centrifuge test) results within and 
among three different research centers in Europe.  The main motivation of this study was to 
investigate the effects of human error, differences in model construction and preparation 
techniques on high-g physical modeling tests results.  Each research center attempted to measure 
the bearing capacity of the same prototype structure, a circular footing on a saturated sand, and 
repeated tests two or three times. The centrifuge tests results indicates that the variability of the 
tests conducted at an individual center is relatively large (30%) for measured bearing capacity and 
stiffness of the model. On the other hand, the tests results showed large variations in results (in 
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excess of 100% in a number of cases) between the tests conducted at three different research 
centers.  Corte et al. (1988) indicated that these large variations between three research center 
tests results were attributed primarily to differences in boundary conditions, and human errors 
model construction and preparation techniques, and also load rate effects.   
Arulanandan et al. (1994) discussed the variation in centrifuge model tests between three 
centrifuge research facilities performing identical centrifuge tests.  Arulanandan et al. (1994) 
indicates that while the dynamic response of the models was generally consistent, there is a large 
variation (up to 100% difference) in deformation behavior of the models between three centrifuge 
centers.  The variation in tests results were related to the differences in centrifuge performance 
capabilities, boundary conditions, and human errors.  Fragaszy et al. (1994) conducted a series of 
ten identical centrifuge tests to study the effects of explosives loadings on reinforced walls.  This 
study shows that there is a “high degree of repeatability” in tests results. Post-explosion wall 
displacements were within 15% between ten identical centrifuge models, while measured peak 
pressures were within 40%. This variation was attributed to the instrumentation, data acquisition, 
and processing errors.  These early studies suggest that reliability and repeatability of centrifuge 
model tests ranges from good [Fragaszy et al. (1994)] to poor [Corte et al. (1988), Arulanandan et 
al. (1994)].  In general, simple model tests, which have simple geometry and single soil layer, 
exhibit reasonable repeatability and reliability, while complex tests having irregular geometry and 
different soil layers show not very good reliability and repeatability. 
While there are some research efforts investigating the repeatability and reliability of high-g 
physical modeling techniques, centrifuge modeling, there is no known laboratory study conducted 
to assess the reliability and repeatability of one-g physical modeling, shaking table models.  This 
study is unique in studying the repeatability and reliability of shaking table models.  It will 
compliment the one-g physical modeling technique to reach its full potential in analysis and 
design purposes. 
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In this laboratory study, saturated cohesive slope models were tested under dynamic and static 
loadings. The reliability and repeatability of the shaking table models under static and dynamic 
loadings were studied performing two identical small-scale model tests under controlled and 
identical conditions.  This study will also assess how much soil properties vary within small-scale 
models and how factors such as model and soil preparation, container boundary treatments affect 
the reliability of test results.  
4.2 Repeatability Study 
Small-scale laboratory models, which were constructed to investigate the applicability of one-g 
similitude laws, were subjected to repeated testing under identical conditions to assess the 
repeatability of one-g physical modeling technique for static and dynamic loading conditions.  
The largest small-scale cohesive slope model was tested under static loading condition (S1) and 
the smallest laboratory scale cohesive embankment tested under dynamic condition (D3) was 
repeated under same conditions.  The variations in tests results, pre-failure (i.e. low strain) 
response, ultimate capacity, failure mechanism, dynamic response and deformation response, will 
show the repeatability and reliability one-g physical modeling technique.  
4.2.1 Repeatability Study for Static Loading Condition 
4.2.1.1 Model Geometry and Details 
The largest small-scale cohesive slope model test (S1) presented in Figure 4.1 was repeated as a 
small-scale model test (S0).  Two models’ (S1 and S0) geometry details, instrumentation 
locations, soil properties are tabulated in Tables 4.1 and 4.2.  Section 4.3.1.1 presents the 
variation in study soil properties of models S0 and S1. 
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Figure 4.1.  Geometry and Instrumentation Plan of Model S1 
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Table 4.1.  Summary of Geometrical and Physical Details of Models S1 and S0 (CV indicates coefficient of variation)  
Geometry Upper soil layer properties Base soil layer properties 
Model 
Name 
Geometric 
Scaling 
Factor (λ) 
Unit 
Weight 
of Soil 
(kN/m3) CV 
Slope 
Height  
(cm) 
Slope 
Inclination 
(deg) 
Model 
Width 
 (cm) 
Water 
Content 
(%), CV 
Su-peak 
(kPa),CV 
Su-residual 
(kPa), CV 
Water 
Content 
(%), CV 
Su-peak 
(kPa) 
Su-residual 
(kPa) 
S1 1.0 15.71 
0.013 
52.96 45 50.80 85.32
0.005
3.39 
0.012 
1.87
0.048
80.15
0.016
NA NA 
S0 1.0 15.71 
0.013 
53.25 45 50.80 85.75
0.009
3.32 
0.018 
1.86
0.041
79.95
0.016
NA NA 
 
Table 4.2.  Instrumentation Details and Locations for Models S1 and S0 
Model S1 Model S0 Instr. 
Name 
Instr. 
Type Orientation 
Instr. 
Range X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) 
A1 ACC H 3 g 97.66 10.16 26.04 97.15 10.05 26.25
A2 ACC H 3 g 97.66 31.75 26.04 97.75 31.50 26.04
A3 ACC H 3 g 97.66 53.34 26.04 97.45 53.15 26.25
L1 LC H 5500 kg 64.77 58.42 25.40 64.24 58.75 25.50
P1 DT V 5.0 cm 97.79 58.42 29.21 97.25 58.85 29.25
P2 DT H-C 5.0 cm 38.74 44.70 38.10 38.50 44.50 38.36
P3 DT H 5.0 cm 43.43 49.02 27.43 43.00 49.25 27.65
P4 DT H-C 10.0 cm 12.95 18.54 6.60 12.75 18.75 6.75
P5 DT H 10.0 cm 8.89 14.61 28.45 8.75 14.61 28.55
P6 DT V 10.0 cm 64.77 58.42 7.62 64.35 58.30 7.75
P7 DT V 10.0 cm 64.77 58.42 45.72 64.50 58.45 45.50
 
Notes: 
(0, 0, 0) corresponds the toe of the small-scale slopes.  The orientation of X, Y, and Z are as defined in Figure 4.1. 
ACC: Accelerometer, LC: Load Cell, DT: Displacement Transducer 
H: Measures deformation in horizontal direction  
V: Measures deformation in vertical direction 
H-C: Attached by hinges and measures combined (horizontal and vertical directions) deformations 
127 
 
The pre-failure profiles at middle section of the small-scale cohesive slope models (S0 and S1) 
presented in Figure 4.2 indicate that the model construction process was well-controlled and 
similar model geometry was successfully obtained.  The properties of the models undrained shear 
strength, shear wave velocity and water content of soil samples taken from each of the models 
(S1-S0) in Table 4.1 show that model clay preparation is well controlled and consistent model 
properties was obtained.  
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Figure 4.2.  Pre-failure Profile of Models S1 and S0 
 
4.2.1.2 Failure Mechanisms 
Figure 4.3 presents the post-test profiles of Models S1 and S0 along the center of each model.  
The profiles were obtained by surveying each model with track-mounted survey device show that 
vertical deformation at top models is well correlated, though the behavior on slope face near the 
toe of the models were quite different. 
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Figure 4.3.  Post-failure Profile of Models S1 and S0 
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Figure 4.4.  Failure Surface of Model S1 
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Figures 4.4 through 4.6 show the location of the localized shear surfaces that developed in the 
models, which was determined by processing digital photographs of deformed spaghetti 
"inclinometer" strands with the technique presented in Chapter 3, Section 3.4.  The internal shear 
surface of Model S0 is somewhat shallower than the Model S1. 
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Figure 4.5.  Failure Surface of Model S0 
 
As previously discussed in Chapter 3, the models were subjected to the surface load applied 
through the Plexiglas "footing".  The vertical deformation at top of slope model S1 under applied 
surface load was quite uniform under the Plexiglas footing, on the other hand vertical 
deformation close to crest of the slope of model S1 was higher than behind of the crest.  This 
difference is likely related to the difference in load application process and this may cause the 
difference in the internal shear surface presented in Figure 4.6. 
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Figure 4.6.  Failure Surface of Models S0 and S1 
 
4.2.1.3   Model Responses to Applied Loads 
Deformation Behavior under Applied Load 
The models were subjected to the surface load applied through the Plexiglas "footing." The 
applied surface loads for Models S1 and S0 are presented in Figure 4.7.  The deformation 
response under applied load is presented in Figures 4.8 and 4.9. In these figures negative values 
of vertical displacement correspond to the downward direction (-y direction), while positive 
values of horizontal displacement corresponds the -x direction (see Figure 4.1 for coordinate 
axis). 
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Figure 4.7.  Applied Load during Model Tests S1 and S0 
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Figure 4.8.  Vertical Footing Displacements during Load Application for Models S1 and S0 (Potentiometer 
Locations are Shown in Figure 4.1)  
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Potentiometers P6 and P7 on the Plexiglas footing show vertical deformation at top of slopes in 
response to load application.  Figure 4.8 indicates that Model S0 deformed in vertical direction 
with higher rate during first 200 seconds of load application than Models S1. The observed total 
vertical deformation of Model S0 was approximately 15% higher than model S1. 
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Figure 4.9.  Surface Displacements during Load Application for Models S1 and S0 (Potentiometer 
Locations are Shown in Figure 4.1) 
 
Deformations at P3 and P2 presented in Figure 4.9 shows that model S0 moved approximately 
18% more than Model S1.   
Pre-Failure Response and Ultimate Capacity  
Figure 4.10 presents the response of the models to the applied crest load. The response is 
represented as the applied load versus displacement of the Plexiglas "footing." Reflecting the 
strain-softening nature of the model clay (Figure 4.10), a peak resistance (considered here as 
failure) was observed and followed by a gradual reduction in load with continued displacement. 
The pre-failure load-deformation response of Models S0 and S1 was generally in good 
agreement.  The Model S0 failed under an applied load of approximately 100 kg 13% higher than 
Model S1, while the small model S1 failed at a lower load level of about 88 kg.   
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Figure 4.10.  Relationship between Vertical Footing Displacements at Potentiometer P7 and Applied Loads 
 
4.2.2 Repeatability Study for Dynamic Loading Condition 
4.2.2.1 Model Geometry and Instrumentation 
The small-scale cohesive slope model test (D3) presented in Figure 4.11 was repeated as a small-
scale model test (D4).  The two models’ (D3 and D4) geometry details, instrumentation locations, 
soil properties were tabulated in Tables 4.3 and 4.4. Section 4.3.1.2 presents the variation in study 
soil properties of models D3 and D4. 
The pre-failure profiles at middle section of the small-scale cohesive slope models (D3 and D4) 
presented in Figure 4.12 indicate that there was minor difference in pre-failure profiles of the 
models.  Hence, the model construction process was well-controlled and similar models’ 
geometry was successfully obtained.  The properties of the models undrained shear strength, 
shear wave velocity and water content of soil samples taken from each of the models (D3-D4) 
presented in Table 4.3 show that model clay preparation was well controlled and consistent model 
properties was obtained. 
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Figure 4.11.  Geometry and Instrumentation Plan of Model D3 and Model D4 
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Figure 4.12.  Pre-shaking Profiles of Model D3 and Model D4 
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Table 4.3.  Summary of Geometrical and Physical Details of Models D3 and D4 (CV indicates coefficient of variation)  
Geometry Upper soil layer properties Base soil layer properties 
Model 
Name 
Geometric 
Scaling 
Factor (λ) 
Unit Weight 
of Soil 
(kN/m3) CV 
Slope 
Height  
(cm) 
Slope 
Inclination 
(deg) 
Model 
Width  
 (cm) 
Water 
Content 
(%), CV 
Su-peak 
(kPa),CV 
Su-residual 
(kPa), CV 
Water 
Content 
(%), CV 
Su-peak 
(kPa) 
Su-residual 
(kPa) 
D4 2.5 15.71 
0.013 
21.70 45 50.75 110.93
0.009
1.49 
0.054 
0.878
0.023
76.75
0.019
4.72 2.28 
D3 2.5 15.71 
0.013 
21.56 45 50.80 113.55
0.014
1.52 
0.066 
0.98
0.092
75.55
0.012
4.76 2.35 
 
Table 4.4.  Instrumentation Details and Locations for Models D3 and D4 
Model D4 Model D3 Instr. 
Name 
Instr. 
Type Orientation
Instr. 
Range X(cm) Y(cm) Z(cm) X(cm) Y(cm) Z(cm) 
A1 ACC H 3 g 4.50 7.54 25.25 4.37 7.62 25.40
A2 ACC H 3 g 21.30 23.92 25.40 21.34 23.88 25.40
A3 ACC H 3 g 31.60 7.52 25.45 31.50 7.62 25.40
A4 ACC H 3 g 31.55 15.65 25.40 31.50 15.75 25.40
A5 ACC H 10 g 31.35 23.75 25.30 31.50 23.88 25.40
A6 ACC H 3 g 46.55 19.45 25.50 46.74 19.30 25.40
A7 ACC H 3 g 46.80 7.80 25.40 46.74 7.62 25.40
P1 DT V 5.0 cm 23.75 26.35 25.50 23.88 26.42 25.40
P2 DT V 5.0 cm 34.00 26.50 25.35 34.04 26.42 25.40
P3 DT V 5.0 cm 44.15 26.45 25.40 44.20 26.42 25.40
P4 DT H-C 10.0 cm 2.75 7.75 45.70 2.54 7.62 45.72
P5 DT H-C 10.0 cm 3.00 8.15 25.25 3.05 8.13 25.40
P6 DT H-C 10.0 cm 11.75 15.80 43.10 11.81 15.75 43.18
P7 DT H-C 10.0 cm 11.55 17.15 25.50 11.43 17.17 25.40
 
Notes: 
(0, 0, 0) corresponds the toe of the small-scale slopes.  The orientation of X, Y, and Z are as defined in Figure 4.11. 
ACC: Accelerometer, DT: Displacement Transducer, H: Measures deformation in horizontal direction, V: Measures deformation in vertical direction 
H-C: Attached by hinges and measures combined (horizontal and vertical directions) deformation 
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4.2.2.2 Input Motions  
The model slopes (D3 and D4) were subjected to a suite of ground motions including synthetic 
(frequency sweeps and sine pulses) and recorded earthquake motions with varied frequency 
content, duration and amplitude. The sine pulses and a scaled motion recorded at the Redwood 
City seismograph station during the Loma Prieta earthquake were included in the test schedule.  
Details of the motions used in each small-scale model experiment are tabulated in Table 4.5.  As 
shown in the table, except for the first sine pulse (motion#11 of model test D3 and motion#16 of 
model test D4) the input motions frequency content, duration and acceleration level were similar 
between two models.  Model D3 were shaken with four to six frequency sweeps having peak 
horizontal "ground" accelerations in the range of 0.03g to 0.08g before being subjected to 
moderate to high intensity motions (sine pulses and recorded earthquake motions).  Although not 
in the input motion plan due to unplanned performance error in the shaking table model D4 were 
shaken with high amplitude sine sweeps in the range of 0.2g to 0.6g before high amplitude sine 
pulses and recorded earthquake motions.   
Table 4.5.  Details of Input Motions in “Model” Scale 
Model 
Name 
Motion 
Type 
Motion 
No 
PGA 
(g) 
Significant 
Duration 
D5-95(sec) 
Mean 
Frequency 
(Hz) 
Mean 
Period 
(sec) 
Arias 
Intensity 
(m/sec) 
Predominant 
Frequency 
(Hz) 
Sine Pulse 11 0.310 3.001 12.643 0.092 0.625 10.00
Sine Pulse 12 0.449 3.352 13.082 0.091 1.576 10.00
Sine Pulse 13 0.532 3.471 13.203 0.090 2.369 10.00
Sine Pulse 14 0.661 3.600 13.317 0.090 4.081 10.00
Sine Pulse 15 0.649 3.643 13.340 0.090 4.095 10.00
RWC 24 0.655 2.417 8.538 0.163 0.743 6.67
RWC 31 0.899 2.144 8.545 0.162 1.486 6.67
RWC 32 1.031 2.139 8.485 0.163 2.019 6.67
D3 
RWC 40 1.015 2.142 8.412 0.163 2.022 6.67
Sine Pulse 16 0.139 2.878 12.035 0.094 0.125 10.00
Sine Pulse 17 0.457 3.302 12.167 0.094 1.591 10.00
Sine Pulse 22 0.570 3.441 11.971 0.094 2.895 10.00
Sine Pulse 27 0.676 3.477 12.127 0.094 4.379 10.00
Sine Pulse 32 0.64 3.643 13.340 0.089 4.095 10.00
RWC 37 0.562 2.206 8.587 0.148 0.378 6.99
RWC 42 0.917 2.134 8.583 0.148 1.243 6.75
RWC 47 1.112 2.140 8.558 0.148 1.885 6.75
D4 
RWC 52 0.995 2.139 8.477 0.148 1.649 6.75
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The repeatability of one-g physical modeling under dynamic loading was assessed by considering 
consistency in (i) failure mechanism, (ii) dynamic response, and (iii) deformation characteristics 
between two model tests D3 and D4. 
4.2.2.3 Dynamic Response 
Overall dynamic response of Models D3 and D4 was summarized in Figures 4.13 and 4.14 for 
complete set of input motions.  Peak ground acceleration of shake table motions and amplified 
response at the accelerometers at model top were presented in Figures 4.13 and 4.14 for full set of 
runs. 
Detailed low-strain dynamic characterization of the models (i.e. fundamental frequency of the 
models) is plotted as spectral acceleration ratio, defined as spectral acceleration of an 
accelerometer A5 to the spectral acceleration of shake table.  The variation of pre-test 
fundamental frequencies of the models with the peak ground acceleration of base motions are 
presented in Figure 4.15.  There is an obvious trend for Models D3 and D4 showing that 
fundamental frequency is decreasing with increasing amplitude of the sine sweep motions.  As 
shown in the Figure 4.15, pre-test fundamental frequency of Model D3 was approximately at 10.0 
Hz during the first low amplitude sweep test with the amplitude of 0.05g; whereas during the 
slightly higher-amplitude (PGA = 0.15g) sweep test, which induced larger dynamic shear strains, 
the shear modulus of the soft clay was slightly reduced, resulting in a lower amplified frequency 
of 9.4 Hz.  Likewise, Model D4 amplified shaking table motions in the range of 9.6 Hz to 9.2 Hz 
during the first low amplitude sweep test with the amplitude of 0.05g; whereas during the higher-
amplitude (0.15g<PGA<0.60g) sweep test, which induced larger dynamic shear strain, resulting 
in a lower amplified frequency in the range of 7.25 Hz to 6.0 Hz.   
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Figure 4.13.  Overall Dynamic Response of Model D3
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Figure 4.15.  Pre-Failure Fundamental Frequency of Models D3 and D4 
 
Post-failure dynamic characteristics of the models were obtained in the same manor described 
above by spectral ratio.  Models were shaken with four to six low amplitude (0.03g<PGA<0.09g) 
frequency sweep motions after being earlier subjected to moderate to high intensity motions (sine 
pulses and Redwood City recorded motion).  Post-failure dynamic characteristics of the models 
(i.e., fundamental frequency of the models) for all frequency sweeps with different amplitudes are 
presented in Figure 4.16.  The amplified response at top of the models indicated that the post-
failure fundamental frequencies of the models were in the range of 8.5 Hz to 8.25 Hz.  The 
reduction in the fundamental frequencies of the models during the complete set of input motions 
can be explained with the softening of the model under applied motions and deformations 
generated during the earlier high-intensity, destructive motions.  
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Figure 4.16.  Post-Failure Fundamental Frequency of Models D3 and D4 Immediately after Destructive 
Motions  
 
Post-failure fundamental frequencies of the models 12 hours after permanent deformations are 
presented in Figure 4.17 with the amplitude of applied base motions.  The amplified response at 
top of the models indicated that the post-failure fundamental frequencies of Model D3 was in the 
range of 10.0 Hz to 9.75 Hz and post-failure fundamental frequencies of Model D4 was in the 
range of 10.25 Hz to 10.0 Hz.   
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Figure 4.17.  Post-Failure Fundamental Frequency of Models D3 and D4 12 Hours after Permanent 
Deformations 
 
The dynamic response of the models during the input motions is presented as a variation of the 
input motion PGA with the amplified PGA at the top of the embankment (i.e., A5) in Figure 4.18.  
It indicates that similar trends can be seen at Models D3 and D4 and peak ground accelerations 
close to the surface of the models were close. 
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Figure 4.18.  Variation of PGA Acceleration of Table and Surface of the Models 
 
Dynamic response of the Models D3 and D4 were generally consistent and followed similar 
trends. The only difference between the models’ dynamic response caused by high amplitude 
frequency sweeps applied before sine pulses and recorded earthquake motions.  The high 
amplitude sine sweeps induced larger dynamic shear strains and the shear modulus of Model D4 
was slightly reduced.  It resulted in a lower pre-test fundamental frequency for Model D4. 
4.2.2.4 Deformation Response 
Models D3 and D4 were shaken by total 57 and 63 input motions.  Deformation responses of the 
models during complete set of base motions were summarized in Figures 4.19 through 4.22.  
Figures 4.19 and 4.20 present the variation of induced deformation at toe of Model D3 with 
amplified response at top of the model and peak ground acceleration of 57 base input motions.  
Figures 4.21 and 4.22 present induced deformation at toe of Model D4 for 63 base input motions 
with peak ground acceleration and amplified response at top of the model. 
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As stated in Section 4.2.2.2 Model D4 was tested by high amplitude frequency sweeps 
(0.15g<PGA<0.60g) before sine pulses and recorded earthquake motions.  Figures 4.19 through 
4.23 the high amplitude sweeps induced permanent deformation in Model D4 whereas; sine 
sweeps did not generate deformation in Model D3.  Five sine pulses in input motion sequence 
induced very limited displacement around 0.25 cm along the middle sections at toe of the models.  
High amplitude recorded earthquake motions induced noticeable permanent deformation in the 
models.  Induced horizontal deformation at toe of Model D3 was in the range of 0.15 cm and 1.75 
cm, and Model D4 deformed 0.15 cm to 0.75 cm at toe of the slope.  It indicates that repeatability 
of deformation response of Models D3 and D4 were poor during individual base input motions.  
Poor repeatability in deformation response of the models is believed to be related to the 
difference in dynamic response of the models prior to sine pulses and recorded earthquake 
motions and difference in the peak ground amplitude of base motions.   
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Figure 4.19.  Overall Deformation Response of Model D3 
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Figure 4.20.  Overall Deformation Response of Model D3
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Figure 4.21.  Overall Deformation Response of Model D4 
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Figure 4.22.  Overall Deformation Response of Model D4 
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Figure 4.23.  Variation of Observed Displacement at Toe of Slopes with ky/pga  
 
As noted earlier, the models showed noticeable deformations during recorded earthquake motions 
and limited deformations during the sine pulses.  The induced deformation at toe of the models 
was presented in Figure 4.23 with the ratio of yield acceleration coefficient (ky) to peak ground 
acceleration (pga) of the input motions.  The ratio of yield acceleration coefficient (ky) of each 
models were obtained with conventional two-dimensional limit equilibrium analyses.  After each 
input motion, the ratio of yield acceleration coefficient (ky) were recalculated considering 
softening effect of the models.  The yield acceleration coefficient (ky) were calculated after each 
input motion considering horizontal sliding at toe of the slope and variation of undrained shear 
strength with circumferential displacements obtained from vane shear tests presented in Figure 
4.35.  Figure 4.23 indicates that models showed a similar deformation trend but the amplitude of 
the deformation was higher in Model D3 than Model D4.   
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The induced deformations at top of the models in horizontal and vertical direction were presented 
in Figures 4.24 and 4.25 with the ratio of yield acceleration coefficient (ky) to peak ground 
acceleration (pga) of the input motions.  Figures 4.24 and 4.25 indicate that models had a similar 
deformation response but the amplitude of the deformation was higher in Model D3 than Model 
D4.  These observations are commensurate with the trends presented earlier in Figure 4.23.  
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Figure 4.24.  Variation of observed displacement at top of slopes along (-x) with ky/pga  
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Figure 4.25.  Variation of observed Displacement at Top of Slopes along (-y) with ky/pga 
 
4.2.2.5 Failure mechanisms 
The post-test profiles, deformed spaghetti strands, and failure surfaces of Models D3 and D4 were 
presented in Figures 4.26 through 4.28.  Failure surface of Model D3, which was obtained by 
image analysis of the deformed spaghetti strands shown in Figure 4.26, shows deformations 
localized along a single failure surface.  Deformations are distributed along the height of the 
model and accumulations of these deformations resulted in deep rotational shear surface passing 
through toe of the slope. 
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Figure 4.26.  Post-test Profile and Failure Surface of Models D3 
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Figure 4.27.  Post-test Profile and Failure Surface of Models D4 
 
Figure 4.27 shows post-failure profile, deformed spaghetti strands exposed during the exploratory 
excavation, and failure surface of Model D4.  Deformations are distributed along the height of the 
model and localized along a two rotational shear surfaces.  As shown in Figure 4.27, primary 
deep rotational shear surface was passing through toe of the slope.   
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Figure 4.28.  Post-test Profiles and Failure Surfaces of Models D3 and D4 
 
Figure 4.28 summarizes the post-failure profiles and failure surfaces of the models.  It indicates 
that deep rotational shear surfaces passing through toe of the slopes correlate well.  Yet, Model 
D4 had another shallower localized shear surface.  Post-failure profiles of the models have a good 
correlation on the slope face except at toe of the slopes.    
4.2.3 Summary of Repeatability Study 
The repeatability study under static loading case indicates that models’ response repeatability 
under applied footing load was good enough with differences where noted in (i) 13% difference 
in ultimate capacity of models S0 and S1, and (ii) failure surfaces of the models.  These 
differences are believed to be related to variation in footing load application process.  
The repeatability study of 1-g physical model tests under dynamic loading shows that while the 
general trend of deformation characteristics and failure mechanisms of the models was generally 
consistent, there are small differences in the deformation amplitudes and dynamic response of the 
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models.  The differences are believed to be related to differences in the base input motions 
included in input motion plan. 
4.3 Uncertainty and Reliability Study  
4.3.1 Variability in Model Soil Properties  
Response of the laboratory scale models (S0 through S3 and D1 through D4) under static and 
dynamic applied loads was largely governed by the upper, soft soil layer of the models.  The 
variability of soft soil layer properties; moisture content, undrained shear strength and shear wave 
velocity; will be investigated in below sections.  Models tested for repeatability analysis S0-S1 
and D3-D4 will studied in detail to show the variability of soil properties.  
4.3.1.1 Models S0 and S1 
Prior to model construction “model clay” was prepared in control manner described in Section 
3.4.  During the model excavation, soil samples were collected from different locations and 
depths to see the variation of the water content in the models.  Results presented in Figures 4.29 
and 4.30, Table 4.6 show that coefficient of variation in moisture content of model clay samples 
taken from Models S0 and S1 was in the range of 0.5% to 1%. 
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Figure 4.29.  Moisture Content Distribution of “Model Clay” Samples from Model S1 
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Figure 4.30.  Moisture Content Distribution of “Model Clay” Samples from Model S0 
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Figure 4.31.  Results of Vane Shear Tests from Models S1 and S0 
 
Undrained shear strength in the upper layer of the models was obtained by conducting laboratory 
scale portable vane shear tests.  A typical result from one of these vane shear tests is presented in 
Figure 4.31 for Models S0 and S1. Vane shear tests were conducted at an angular velocity 0.20 
rad/sec, equivalent to a circumferential displacement rate of 2.54 mm/sec. The test data shown in 
Figure 4.31 show that peak undrained shear strength was mobilized at approximately 3 mm of 
circumferential displacement for Models S1 and S0.  After researching the peak at 3.3 kPa, the 
strength reduces and approaches its residual value at 1.6 kPa.  The peak and residual shear 
strength of the models were presented in Table 4.6 show that coefficient of variation in shear 
strength of model clay used in Models S0 and S1 was in the range of 2.0% to 1%. 
Table 4.6.  Water Content and Undrained Shear Strength of “Model Clay” in Models S0-S1 
Model 
Geometric 
Scaling 
Factor (λ) 
Measured  
Su-peak (kPa) 
[coef. var., CV] 
Measured  
Su-residual (kPa) 
[coef. var., CV] 
Measured  
Water Content (%) 
[coef. var., CV] 
S1 1.00 3.39 [0.012] 1.87 [0.048] 85.32 [0.005] 
S0 1.00 3.32 [0.018] 1.86 [0.041] 85.75 [0.009] 
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Shear wave velocity of “model clay” was calculated by procedure described in Section 3.5.2.2.  
Results presented in Table 4.7 show that maximum variation in shear wave velocity of model clay 
in Models S0 and S1 was in the range of 9.0% to 7.0%. 
Table 4.7.  Shear Wave Velocity of “Model Clay” used in Models S0 and S1  
Model 
Geometric 
Scaling 
Factor (λ) 
Measured 
Vs (m/sec) 
[coef. var., CV] 
Measured  
Water Content (%) 
[coef. var., CV] 
Gmax 
(kPa) 
S1 1.00 11.51 [0.07] 85.32 [0.005] 212.02 
S0 1.00 11.30 [0.09] 85.75 [0.009] 204.35 
 
4.3.1.2  Models D3 and D4 
Moisture content of soil samples were collected from different locations and depths in models D3 
and D4 presented in Figures 4.32 and 4.33, Table 4.8.  Results show that coefficient of variation 
in moisture content of model clay samples taken from in Models D3 and D4 was approximately 
in the range of 1.5% to 1.0%. 
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Figure 4.32.  Moisture Content Distribution of “Model Clay” Samples from Model D4 
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Figure 4.33.  Moisture Content Distribution of “Model Clay” Samples from Model D3 
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Figure 4.34.  Results of Vane Shear Tests for Models D3 and D4  
 
Vane shear tests is presented in Figure 4.34 and Table 4.8 show that model clay with 110% 
moisture content peak undrained shear strength was approximately 1.5 kPa for Models D3 and 
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D4.  After researching the peak, the strength reduces and approaches its approximate residual 
value 0.9 kPa.   
Table 4.8.  Water Content and Undrained Shear Strength of “Model Clay” in Models D3-D4 
Model 
Geometric 
Scaling 
Factor (λ) 
Measured  
Su-peak (kPa) 
[coef. var., CV] 
Measured  
Su-residual (kPa) 
[coef. var., CV] 
Measured  
Water Content (%) 
[coef. var., CV] 
D4 2.5 1.49 [0.054] 0.878 [0.023] 110.93 [0.009] 
D3 2.5 1.52 [0.066] 0.980 [0.092] 113.55 [0.014] 
 
Average shear wave velocity of models D3 and D4 is in the range of 3.26 m/sec to 3.95 m/sec.  
Table 4.9 shows that coefficient of variation in shear wave velocity of model clay used in Models 
D3 and D4 was in the range of 15.6% to 11.4%. 
Table 4.9.  Shear Wave Velocity of the “Model Clay” used in Models D3 and D4 
Model 
Geometric 
Scaling 
Factor (λ) 
Measured 
Vs (m/sec) 
[coef. var., CV] 
Measured  
Water Content (%) 
[coef. var., CV] 
Gmax 
(kPa) 
D4 2.5 3.95 [0.114] 110.93 [0.009] 24.97 
D3 2.5 3.26 [0.156] 113.55 [0.014] 17.01 
 
The variation of moisture content and undrained shear strength of “model clay” used in models 
S0-S1 and D3-D4 show that model soil preparation process was well controlled and the 
variability of soil properties in small scale model was negligible.   
4.3.2 Variability in Shake Table Performance 
As previously discussed in Section 3.2.2 performance of the table was strongly influenced by the 
weight of the model.  Prior to actual test, bags of sand were placed within the shaking table 
container to simulate the weight of model embankments and the servo controller gain and span 
settings were identified.  The variability of shake table performance was investigated for recorded 
earthquake motions and frequency sweep motion by running the table multiple times under same 
servo controller setting and weight in the container  
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Details of the table response, frequency content, duration and acceleration level, were 
summarized in Tables 4.10 and 4.11 for high amplitude recorded earthquake motion at Redwood 
City and low amplitude frequency sweep motions.  Even though there are minor discrepancies 
(approximately maximum 1% difference in peak ground acceleration, spectral acceleration, 
significant duration, mean frequency and predominant frequency) in shake table response, 
shaking table performance can be repeatable and reliable. 
Table 4.10.  Details of Shake Table Base Motions for Recorded Earthquake Motion 
No. Motion Type 
PGA 
(g) 
Spectral 
Acce. 
Ordinate 
Arias 
Intensity 
(m/sec) 
Sig. 
Duration 
D5-95 (sec) 
Mean  
Frequency 
(Hz) 
Predominant
Frequency 
(Hz) 
1 RWC 0.899 3.269 2.132 2.164 6.703 6.500 
2 RWC 0.932 3.255 2.136 2.163 6.735 6.500 
3 RWC 0.893 3.241 2.128 2.158 6.729 6.500 
4 RWC 0.886 3.313 2.156 2.207 6.764 6.667 
5 RWC 0.891 3.266 2.121 2.162 6.678 6.500 
6 RWC 0.897 3.269 2.136 2.158 6.732 6.500 
7 RWC 0.899 3.255 2.122 2.157 6.691 6.500 
8 RWC 0.920 3.275 2.142 2.166 6.764 6.500 
9 RWC 0.899 3.261 2.131 2.161 6.733 6.500 
10 RWC 0.905 3.282 2.135 2.169 6.685 6.667 
11 RWC 0.899 3.262 2.131 2.162 6.695 6.500 
12 RWC 0.898 3.243 2.124 2.157 6.683 6.500 
13 RWC 0.924 3.266 2.136 2.160 6.721 6.500 
14 RWC 0.914 3.265 2.123 2.166 6.683 6.500 
15 RWC 0.897 3.266 2.133 2.159 6.718 6.500 
16 RWC 0.898 3.277 2.141 2.163 6.726 6.500 
Average 0.903 3.266 2.133 2.164 6.715 6.521 
Coef. Var. CV 0.014 0.005 0.004 0.006 0.004 0.009 
 
Repeatability of shaking table performance can be evaluated by comparing the spectral 
accelerations and acceleration time histories of table for same input motions. Figures 4.35 and 
4.36 present the spectra and acceleration time histories for Motion #4 and Motion #7.  These 
indicate that the shaking table response correlates well for same motions. 
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Figure 4.35.  Spectral Acceleration of Shake Table for Run 4 and Run 7  
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Figure 4.36.  Acceleration Time History of Shake Table for Run 4 and Run 7 
 
Details of the shaking table performance, frequency content, duration and acceleration level, were 
summarized in Table 4.11 for low amplitude frequency sweep motions.  Table 4.11 shows that 
variation of shake table performance during low amplitude frequency motions is higher than 
162 
 
higher amplitude earthquake motions.  The maximum variation in peak ground acceleration is 
approximately 14%, 13% in spectral acceleration.  The variation in significant duration, mean 
frequency and predominant frequency is around 4% to 6%. 
Table 4.11.  Details of Shake Table Base Motions for Frequency Sweep Motions 
No. Motion Type 
PGA 
(g) 
Spectral 
Acce. 
Ordinate 
Arias 
Intensity 
(m/sec) 
Sig. 
Duration 
D5-95 (sec) 
Mean 
Frequency 
(Hz) 
Predominant
Frequency 
(Hz) 
1 Sweep 0.050 0.205 0.035 5.843 11.510 5.000 
2 Sweep 0.063 0.274 0.060 6.752 10.547 5.000 
3 Sweep 0.068 0.323 0.082 7.004 9.959 5.250 
4 Sweep 0.054 0.258 0.050 6.878 10.019 5.000 
5 Sweep 0.062 0.266 0.057 6.811 10.219 5.250 
6 Sweep 0.075 0.332 0.088 7.176 9.818 5.250 
7 Sweep 0.062 0.242 0.048 6.233 10.813 5.000 
8 Sweep 0.075 0.312 0.079 6.915 10.277 5.250 
9 Sweep 0.073 0.250 0.051 6.494 10.894 5.250 
10 Sweep 0.069 0.258 0.055 6.589 10.700 5.250 
11 Sweep 0.071 0.259 0.058 6.958 10.854 5.250 
12 Sweep 0.074 0.255 0.055 6.614 10.867 5.250 
13 Sweep 0.073 0.256 0.056 6.801 10.987 5.250 
14 Sweep 0.049 0.249 0.047 6.562 9.371 5.250 
15 Sweep 0.066 0.319 0.081 6.940 9.289 5.882 
16 Sweep 0.059 0.254 0.052 6.454 9.964 5.250 
Average 0.065 0.269 0.060 6.689 10.380 5.227 
Coef. Var. CV 0.138 0.126 0.250 0.049 0.059 0.039 
 
4.3.3 Effects of Boundary Conditions 
To model real field condition in laboratory physical modeling technique, the frictional resistance 
between the soil and vertical boundaries on the side walls should be minimized to the degree 
possible. Grease or oil lubrication methods are commonly used to reduce sidewall frictional 
resistance in laboratory scale model tests.  That is the method used for small scale models 
performed in modeling-of-model study under static loading condition.  As noted in Chapter 3, 
Section 3.6, grease method did not satisfactorily eliminate the boundary effects on model 
response.   
163 
 
To find the most efficient way to reduce the frictional resistance between side walls and model 
for shaking table model tests presented in Chapter 3 and Chapter 6, sliding block tests and small 
scale shake table model test were performed for different types of interface arrangements.  
4.3.3.1 Sliding Block Tests 
Background of Sliding Block Test 
The coefficient of friction is a measure of the slipperiness between two surfaces and depends on 
the types of materials from which the surfaces are formed.  The larger the coefficient of friction, 
the less slippery the surfaces will be.   
The easiest way to find the coefficient of friction is performing a sliding block test. The main 
principle of this test is summarized in Figure 4.37.  The force F acting on the soil-plate interface 
can be resolved into a normal component N and a tangential component T as shown in Figure 
4.37.  As the inclination of the plate is increased, based on the equilibrium of forces, the sliding 
resistance T also increases until the driving force overcomes the resistance and the soil box starts 
to move.  At this moment, the inclination of the plate to the horizontal is the interface friction 
angle δ that represents the characteristics of the friction-reducing layer.  
 
Figure 4.37.  Schematic Presentation of Sliding Block  
 
The sliding block tests provide an opportunity to find the interface friction with low normal stress 
levels.  In this test setup, the sliding Plexiglas, soil box, and raising platform were used.  The 
sliding Plexiglas should be put on the platform and the leveling of the plate should be checked by 
164 
 
bubble level.  Immediately after getting the plate setup the desired lubrication method were 
applied.  The clay with known water content is filled in the box and leveled by spatula.  The one 
edge of the platform is raised until the soil box starts sliding.  When the sliding happens, height of 
the raising end of the platform is measured.  According to the above description the friction angle 
and coefficient of friction may be calculated. 
Results of Sliding Block Tests 
As presented in Chapter 3 “modeling-of-models” experimental study, canola oil and plastic sheet 
methods were used as lubrication material for static and dynamic model tests respectively.  The 
“modeling-of-models” experimental study under static loading condition showed that “grease 
method” canola oil does not satisfactorily reduce the effects of boundary condition and the 
interface friction angle between the small scale model and side walls on model response.  To 
quantify and investigate this effect on “modeling-of-models” study under static loading condition 
sliding block tests were performed.  To find the more efficient interface configurations for 
“modeling-of-models” experimental study under dynamic loading condition sliding block tests 
were conducted.  
Grease Method Results 
To investigate the effects of normal stress and water content of the material on the interface 
friction angle, samples with different water content and weights and were tested using canola oil 
as a lubrication material.  Results of these sliding block tests are presented in Figure 4.38.  Figure 
4.38 shows the variation of interface friction angle between lubricated Plexiglas and model clay 
for various normal stresses.  As shown in Figure 4.38, interface friction angle shows that interface 
friction angle gradually decreases with increasing normal stress.  The interface friction angle 
between clay with 117% water content and canola oiled Plexiglas is around 5 degrees. On the 
other hand the clay with 84% water content shows the highest interface friction angle around 16 
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degrees.  That shows that the friction coefficient between the saturated clay material and 
Plexiglas with canola oil is getting higher with decreasing moisture content. 
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Figure 4.38.  Variation of Friction Angle with Different Normal Stress 
 
Sheet Method Results 
To investigate the efficient method to reduce the frictional resistance between side walls and the 
model, various interface arrangements and materials were investigated by performing sliding 
block tests.  Four different interface configurations consist of multiple layers of thin plastic and 
Teflon sheets were tested with sliding block test setup.  
• Arrangement 1: two layers of plastic sheets 
• Arrangement 2: two layers of Teflon sheets 
• Arrangement 3: two layers of plastic sheets and Pam oil between these two sheets 
• Arrangement 4: two layers of Teflon sheets and Pam oil between these two sheets 
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Sliding block tests results in Figure 4.39 shows the relationships between interface friction angle 
and the applied normal stress for each interface arrangement.  As shown in Figure 4.39, interface 
friction angle between saturated model clay with 100% moisture content and two plastic sheets 
(Arrangement #1) and two Teflon sheets (Arrangement #2) is around 7.0 and 15 degrees 
respectively and the friction angle is nearly independent of different normal stress level.  This 
finding commensurate with the experimental study performed by Fang et al. (2004). Fang et al. 
(2004) investigated the lubrication method to eliminate the boundary effects on physical 
modeling. As shown in Figure 4.39, oil lubrication between two plastic sheets and Teflon sheets 
increases the interface friction angle.  Interface friction angle for Arrangement #3 is around 14 
degrees and the angle of friction for Arrangement #4 is around 27 degrees. Sliding block tests 
indicates that the multiple layers of plastic sheets and grease method is giving the similar 
interface friction angle. Compared to the grease method, plastic sheet method provides faster, 
simpler test cleanup, and independent from different normal stress level.  A plastic sheet method 
appears to be a more appropriate method to reduce the boundary friction in laboratory scale 
models.  
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Figure 4.39.  Variation of Coefficient of Friction with Normal Stress for different Interface Arrangements 
 
4.3.3.2 Small Scale Shaking Table Test  
In the second part of this work, small scale shaking table model test was conducted using plastic 
sheets and Teflon sheets arrangements to investigate their advantages and disadvantages on 
dynamic response of the shaking table models.   
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Figure 4.40.  Geometry of Laboratory Cohesive Slope Model 
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Figure 4.41.  Plan View of the Small Scale Model and Instrumentation Plan 
 
The geometry of the small scale model and instrumentation layout is presented in Figure 4.40 and 
Figure 4.41.  As shown in Figure 4.41 one of the side walls was covered with two plastic sheets, 
and the other with two Teflon sheets to compare their ability to reduce sidewall friction.  Seven 
accelerometers were placed in the model approximately at the same height but various distances 
to side walls to see the effects of the interface frictional resistance to the dynamic response of the 
model.  Table 4.12 presents the details of accelerometers placed into the model. 
 
 
Y 
Z
X
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Table 4.12.  Instruments Details 
Instr. 
Name 
Instr. 
Type 
X 
(cm) 
Y 
(cm) 
Z 
(cm) 
A7 ACC 31.5 19.0 2.5 
A5 ACC 31.3 18.8 10.2 
A3 ACC 31.2 19.1 17.8 
A1 ACC 31.5 19.0 25.4 
A2 ACC 31.5 18.7 33.0 
A4 ACC 31.3 19.0 40.6 
A6 ACC 31.5 18.6 48.3 
 
Saturated model clay with 100% moisture content used for the cohesive embankment model.  The 
model was tested under frequency sweep, sine pulse and Redwood City motions with various 
amplitudes and details of the input motions are presented in Table 4.13.  Dynamic response of the 
model during these input motions was recorded by accelerometers placed in the model.   
Table 4.13.  Details of the Input Motions 
No. Motion Type 
PGA 
(g) 
Predominant 
Frequency 
(Hz) 
Sig. 
Duration 
D5-95 (sec) 
Arias 
Intensity 
(m/sec) 
Mean  
Period 
 (sec) 
Mean  
Frequency
(Hz) 
1 Sine Sweep 0.06 5.4-11.0 7.388 0.0221 0.111 14.197 
2 Sine Sweep 0.04 3.3-12.5 17.406 0.007 0.139 12.702 
3 Sine Pulse 0.13 8.333 3.637 0.169 0.106 12.080 
4 Sine Pulse 0.16 8.333 3.529 0.259 0.111 11.049 
5 Sine Pulse 0.30 8.333 3.674 0.901 0.119 9.501 
6 RWC 0.36 6.499 3.896 0.241 0.155 9.215 
7 RWC 0.21 6.499 5.186 0.094 0.149 10.206 
8 RWC 0.42 6.499 3.682 0.352 0.156 8.771 
 
Earlier some researchers [e.g.; Whitman and Lambe (1986), Fiegel et al. (1994), Dou et al. 
(1997), Teymur and Madabbushi (2003)] studied the boundary condition effects on centrifuge 
model testing.  They found that soil located in close proximity to rigid boundary container walls 
responds differently than soil near the middle of the model. To investigate the effect of boundary 
conditions on dynamic response of shake table model, accelerometer A1 located at the middle of 
the model was compared with other accelerometers close to side walls.  
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Model was initially tested with the low amplitude frequency sweep motions. Immediately after 
the low amplitude motions, the model was tested with higher amplitude sine pulse and Redwood 
City earthquake motions.  Spectral acceleration of the accelerometers in the model during the 
frequency sweep motions was presented in Figure 4.42.  It was shown that the response of 
accelerometers A1 located near the middle of the model is close to response at A2 and A3.  On 
the other hand, accelerometers A6 and A7 close to the side walls are completely different than the 
response of the model near the middle section.  Spectral accelerations at accelerometers A4 and 
A5 show the same peak at 8.0 Hz with accelerometers A1, A2, and A3; yet the amplitude of 
spectral acceleration is approximately half of the accelerometers A1, A2, and A3.  Second peak at 
16 Hz is not observed at accelerometers A4 through A7.  In Figure 4.43 indicates that the spectral 
accelerations at accelerometers close to sidewalls with plastic sheets (A2, A4 and A6) was quite 
higher than accelerometers close to side walls with Teflon sheets (A3, A5, and A7). 
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Figure 4.42.  Variation of Spectral Acceleration with Frequency during Sine Sweep (3.5 Hz-12 Hz) 
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Figures 4.43 and 4.44 present the dynamic response of the model during Motion #3 (Sine Pulse 
with 0.3 peak ground acceleration) and Redwood City motion (Motion #8) respectively.  It shows 
that response of accelerometers A1 located near the middle of the model is same with the 
response at A2 and A3.  The amplitude of spectral acceleration at A4 and A5 is around half of the 
response of the model near to the middle section. It indicates that A4 approximately 10% is 
higher than A5 and the Similar observation can be reported for the accelerometers A6 and A7 
during sine pulse motion.  The difference between A4 and A5 during high amplitude Redwood 
City motions is relatively more obvious around 40%. This indicates that side wall with plastic 
sheets work more efficiently that the Teflon sheets arrangements to minimize the effects of the 
frictional resistance between model container and the model during high amplitude motions..  
0 5 10 15 20 25 30 35
Frequency (Hz)
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
Sp
ec
tra
l A
cc
el
er
at
io
n
Table Accelerometer
Accelerometer A6 
Accelerometer A2
Accelerometer A7
Accelerometer A1
Accelerometer A4
Accelerometer A5
Accelerometer A3
 
Figure 4.43.  Variation of Spectral Acceleration with Frequency during Sine Pulse with Amplitude of 0.30g 
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Figure 4.44.  Variation of Spectral Acceleration with Frequency during Redwood City Motion with 
Amplitude of 0.42g 
 
The small scale shake table test shows that consistent dynamic response observed in 6.0 inch 
wide middle portion of the model either with plastic sheets interface or Teflon sheets interface. 
Interface friction on side walls with plastic sheets and Teflon sheets affect the dynamic response 
of the model at accelerometers A4 through A7.  
4.3.3.3 Summary of Effects of Boundary Condition 
Performed sliding block test shows that friction resistance between side walls and the model 
depends on the water content of the “model clay”, and interface materials.  Sliding block tests for 
different interface arrangements including oil lubrication, plastic sheets, and Teflon sheets show 
that coefficient of friction for the grease method and plastic sheet configuration is very close.  On 
the other hand, grease method is not as practical as sheet method since oil lubrication becomes 
sticky with time and during small scale laboratory test it does not provide as good lubrication as 
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sliding block test.  Laboratory scale shake table test shows that the most efficient lubrication 
method to minimize the friction resistance between model container and the model is plastic 
sheets configuration including two sheets of plastic sheets.  This interface material was used in 
shaking table models performed for topographic amplification study and “modeling-of-models” 
exercise. 
4.3.4 Summary of Uncertainty and Reliability Study 
The section indicates that the model soil preparation is well controlled and the variation of soft 
soil layer properties, moisture content, undrained shear strength and shear wave velocity are 
small.  The variation in shake table performance was investigated in this chapter by running the 
table multiple times under same servo controller setting and weight in the shake table container.  
The variability of shake table performance for high amplitude recorded earthquake motions and 
low amplitude frequency sweep motion investigated by comparing acceleration time history and 
spectral accelerations of base input motions.  It shows that the repeatability of shake table 
performance is good both high and low amplitude input motions.   
In addition to soil properties variation and shake table performance variation, effects of boundary 
condition on dynamic response of shake table models and the most efficient lubrication method to 
minimize the friction resistance between model container and models were investigated. Sliding 
block tests and small scale shake table test were performed for different interface materials.  It 
indicates that the soil located in close proximity to rigid boundary container walls responds 
differently than soil near the middle of the model [Whitman and Lambe (1986)].  The sheet 
method including two plastic sheets provides the most efficient lubrication method to minimize 
the friction resistance between model container and the model.  
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4.4 Conclusions 
In this laboratory study, repeatability of one-g physical modeling technique was investigated by 
performing identical small-scale cohesive slope model tests under dynamic and static loadings.  
This study demonstrates that model building and model soil preparation is well controlled and 
pre-test conditions of the slope models are almost identical.  The repeatability study under static 
loading indicates that repeatability of models’ response during applied footing load was 
satisfactorily good with differences where noted in (i) 13% difference in ultimate capacity of 
models S0 and S1, and (ii) failure surfaces of the models.  These differences are believed to be 
related to the variation in manually applied footing load.  The repeatability study conducted under 
dynamic loading condition shows that models’ while general trend of deformation characteristics 
and failure mechanisms of the models were generally consistent, there are small differences in the 
deformation amplitudes and dynamic response of the models.  The differences are believed to be 
related to differences in the base input motions included in input motion plan. 
This study shows that the one-g physical modeling technique is well controlled, especially model 
soil preparation, model construction, and the variation of soil properties (moisture content, 
undrained shear strength and shear wave velocity) is negligibly small.  Therefore model 
properties and model construction process may not be considered as a big source of causing 
uncertainty in model response. The dynamic load source; shake table performance is repeatable 
and the variation in table response (i.e.; peak ground acceleration, spectral acceleration of the 
base motions) is negligibly small during high amplitude recorded earthquake motions and low 
amplitude frequency sweep motion.  This study shows that the main uncertainty in the one-g 
physical modeling technique is the boundary conditions. Effects of boundary condition on 
dynamic response of shake table models vary with the interface materials.  The sliding block tests 
show the interface friction resistance between the model and the different lubrication materials.  
Small scale shake table tests and the sliding block tests indicate that the most efficient lubrication 
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method to minimize the friction resistance between model container and models is the sheet 
method including two plastic sheets.  It is worth noting that the soil located in close proximity to 
rigid boundary container walls responds differently than soil near the middle of the model 
[Whitman and Lambe (1986), Fiegel et al. (1994), Dou et al. (1997), Teymur and Madabbushi 
(2003)].  To minimize that effects the proposed interface material was used in shaking table tests 
performed in this study and the width of the model kept as wide as possible. 
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CHAPTER 5: BACKGROUND AND LITERATURE REVIEW OF 
TOPOGRAPHIC AMPLIFICATION  
5.1 Introduction 
It is widely recognized that the amplitude and frequency content of strong ground motion can 
vary across slopes, ridges, and canyons.  This phenomenon, known as topographic effects, can 
result in damage concentrations near the crests of slopes [e.g. Hartzell et al. (1994), Pedersen et 
al. (1994), Shakal et al. (1988, 1994), and Spudich et al. (1996), Ashford and Sitar (1994, 1997), 
Sitar and Clough (1983), Assimaki et al. (2004), Gazetas (2001)].   
Over the last three decades, topographic effects on seismic waves have been received increasing 
interest, therefore; researchers have been working on the phenomena using different research 
methods.  There are relatively few field recordings of this phenomena and as such researchers 
have traditionally relied upon numerical simulation techniques such as finite element and finite 
difference analyses to study topographic effects [e.g. Sitar and Clough (1983), Ashford and Sitar 
(1994, 1997), Ashford et al. (1997), Gazetas (2001), Assimaki et al. (2004), Assimaki and 
Gazetas (2004), Bouckovalas and Papadimitriou (2004, 2005)].  However, there are few studies 
that have used an alternative simulation technique, physical modeling, which is a powerful and 
largely overlooked approach for studying the influence of topography on ground motion.  This 
chapter summarizes previous studies have utilized field observation, numerical simulations and 
physical modeling technique to study topographic amplification. 
5.2 Field Observations of Topographic Effects 
Higher amplitude strong ground motions and intensive damage is frequently observed on the tops 
of hills, ridges, and canyons after large earthquakes.   Such observations have been reported by 
various researchers summarized in Table 5.1 during the below listed large earthquakes.  The 
researchers’ main findings during some of these earthquakes will be discussed in detail in the rest 
of this section. 
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Table 5.1.  List of Earthquakes and Researchers Studied the Topographic Effects  
Earthquake Researcher 
Lambesc Earthquake, France 1909 Levret et al., (1986) 
San Fernando Earthquake, 1971 Boore, (1972) 
Friuli Earthquake, Italy 1976 Brambati et al., (1980) 
Guatemala Earthquake, 1976 Hartzell et al., 1994 
Chile Earthquake, 1985 Celebi, (1987) 
Whittier Narrows Earthquake, 1987 Shakal et al., (1988) and Vidale et al., (1991) 
Loma Prieta Earthquake, 1989 Hartzell et al., (1994) 
Northridge Earthquake, California 1994 Lee et al. (1994), Shakal et al. (1994) 
Chi-Chi Earthquake,  Sergio et al. (2002) 
Athens Earthquake, Greece 1999 Gazetas (2001), Asimaki and Gazetas (2004), Asimaki et al. (2004) 
 
Hartzell et al., (1994) observed landslides to be concentrated on the ridge during 1976 Guatemala 
earthquake.  Similarly in 1989 Loma Prieta earthquake spurs from ridges were observed to 
experience massive failures, while nearby cliffs appeared unaffected (Hartzell et al., 1994).  
Likewise, during Chi-Chi earthquake (Mw=7.6) many landslides were observed in central Taiwan.  
Sergio et al. (2002) was carried out an investigation to study the topographic effects on 
seismically induced landslides in central Taiwan during Chi-Chi earthquake (Mw=7.6).  It is 
suggested that topographic amplification is an important factor for these landslides and the peak 
ground acceleration for the initiation of movement in these slopes was about two to three times of 
the peak ground acceleration measured in a free-field strong motion station.  
Lee et al. (1994) studied topographic effects; particularly effects on ground motion amplification 
at Tarzana site during aftershocks of the January 17, 1994 Northridge earthquake (Mw=6.7).  
Northridge earthquake generated 1.78 g acceleration at a site in Tarzana, California located about 
6 km south of the epicenter on a crest of Tarzana Hill operated by the California Strong Motion 
Instrumentation Program (CSMIP).  Previously several researchers [e.g., Shakal et al., (1988) and 
Vidale et al., (1991)] reported similar very high seismic response on a crest of Tarzana Hill 
during the 1987 Whittier Narrows Earthquake and largest aftershocks.  Shakal et al. (1988) stated 
that the peak ground acceleration at Tarzana site is 10 times higher than other locations at an 
  
178
equal the epicenter distance during the 1987 Whittier Narrows mainshock.  On the other hand, 
during the 1987 Whittier Narrows aftershocks the peak ground acceleration at Tarzana site is 2 
times higher than other locations at an equal the epicenter distance.  Lee et al. (1994) deployed an 
array of seismometers around the Tarzana site to study the high seismic response at Tarzana Hill 
during Northridge aftershocks.  An array of seismometers proved that the largest seismic response 
is observed at hill during the Northridge aftershocks. 
Bard et al. (1994) studied the topographic effects using data obtained from seismological stations 
installed along the ridge near Sourpi, Greece and Mont Saint Eynard in the French Alps.  Results 
from field work were compared with numerical simulations.  Both numerical simulations and the 
observations from field data were performed in time and frequency domain.  Observations from 
field data at Sourpi and Mont Saint Eynard are within the same range and the amplification, the 
spectral ratio top/base, is around three.  Numerical simulation results and field observation results 
have an agreement in time domain and frequency domain. 
Celebi (1987) investigated the topographic amplification by recordings from temporary 
accelerometers placed on and along the ridges at Canal Beagle and Vina del Mar after the 
mainshock of Chile Earthquake.  Frequency-dependent amplification was observed particularly 
for frequencies of 1 to 4 Hz.  Similarly in 1994 Pederson et al. used a dense array of 
seismographs to monitor the response of a ridge in France during low intensity ground recordings 
(Mw=1.2 to 2.0).  Observations from seismographs showed that spectral ratios for recordings at 
the ridge crest and about half way up the 25-degree slope is around 2.  Hartzell et al. (1994) also 
used a dense array of portable seismographs to measure the response of 100m high ridge to 
several aftershocks (Mw=1.7 to 2.3) of the 1989 Loma Prieta Earthquake. They found that 1 to 3 
Hz motions at the crest were 1.5 to 4 times greater that those at the base. 
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The studies based on observations from temporary accelerometers recordings during low intensity 
ground motions have been beneficial to understand the topographic effects. Yet, it may not be 
applicable to describe topography effects for large magnitude recordings in which soil 
nonlinearity may be important.  Topographic amplification is further complicated when 
amplification occurring from soil nonlinearity also need to be considered. Indeed, there exist very 
few, if any, well documented case studies where topography effects are illustrated for strong 
ground motion (Gazetas, 2001).  
5.3 Numerical Studies on Topographic Amplification  
Most previous studies of topographic amplification have utilized numerical simulations to 
quantify the spatial variation in strong ground motion amplitude and frequency content across 
slopes and ridges [e.g., Boore (1972), Smith (1975), Sitar and Clough (1983), Geli et al. (1988), 
Bouckovalas and Papadimitriou (2004, 2005), Assimaki et al. (2004), Assimaki and Gazetas 
(2004), Gazetas (2001), Ashford and Sitar (1997), Ashford et al. (1997)].  
One of the first well known numerical studies on the effect of topography on seismic response 
was carried out by Boore (1972) using finite difference method.  Other studies include those by 
Smith (1975) using finite elements and Geli et al. (1988) using boundary methods and discrete 
wave-number methods.  Sitar and Cough (1983) used an equivalent linear, two-dimensional 
finite-element model to topography effects on the seismic response of steep slope.  They arrived 
at the similar conclusion; higher seismic response at top of slopes and this amplification is 
dependent on the sharpness of topography.  
Ashford et al. (1997) performed a frequency-domain parametric study using generalized 
consistent transmitting boundaries to evaluate the significance of topographic effects on the 
seismic response of slopes inclined between 30 and 90 degrees.  The results showed that the peak 
amplification of motion at the crest of a slope occurs at a normalized frequency H/  = 0.2, where 
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H is the slope height and  is the wavelength of the motion.  They suggested that at low values of 
H/  , topography has little effect on overall response.  Ashford et al. (1997) also considered the 
relative importance of slope inclination and concluded that topographic effects were more 
pronounced for slopes in excess of 60 degrees. 
Ashford and Sitar (1997) performed a numerical study to increase the understanding of 
topographic amplification and develop fundamental knowledge of the effect of inclined shear 
waves on the topographic amplification of a steep bluff using generalized consistent transmitting 
boundary method.  Ashford and Sitar (1997) adopted three measures of amplification 
“topographic amplification”, “site amplification”, and “apparent amplification” to distinguish the 
amplification caused by subsurface soil properties and topography. It was stated that topographic 
amplification is greater for inclined waves.  ‘‘Topographic amplification,’’ is the amplification of 
the free-field motion at the crest relative to that in the middle of the embankment; ‘‘site 
amplification,’’ is the amplification due to natural frequency of the site (amplification over 
outcrop/rock motion), and ‘‘apparent amplification,’’ is the amplification of the motion between 
the base and the crest of the model.  Mathematically, these three measures of amplification can be 
obtained as follows: 
Topographic amplification: 
ffc
ffc
t a
aa
A
−= max     (5.1) 
Site amplification: 
base
baseffc
s a
aa
A
−=     (5.2) 
Apparent amplification: 
base
base
a a
aa
A
−= max     (5.3) 
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where 
 maxa : maximum free-field acceleration at the crest 
 ffca   : maximum free-field acceleration behind the crest 
 basea  : input motion in the physical model test 
 
Similar numerical study was also performed by Ashford and Sitar (2002) using generalized 
consistent transmitting boundary method.  The steep slopes at inclination 30 degree to vertical 
were studied to investigate the contribution of “topographic amplification”, “site amplification”, 
and “apparent amplification” to the overall ground motion amplification.  Relations presented 
above at Eq. 5.1 thorough Eq. 5.3 were adopted.  The amplification due to topography is on the 
order of 50%, compared with site amplification or over 70% and apparent amplification over 
120%.  It showed that site amplification has bigger contribution to the overall amplification. 
 
Figure 5.1.  Schematic Presentation of Amplification Definitions (Ashford and Sitar, 1997) 
 
Gazetas (2001) performed one- and two-dimensional wave propagation analysis for the Ano Lisa 
and Adames sites during 1999 Athens earthquake.  He proposed a new measure of topographic 
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amplification in frequency domain and termed it “topographic aggravation factor (TAF),” defined 
as the ratio of the Fourier amplitude spectra at the slope crest to that at the free field ground 
surface.  The study showed that the TAF spectrum largely depend on the spectral content of the 
excitation. Asimaki and Gazetas (2004) performed two-dimensional finite element and spectral-
element analyses for various input motions.  They found that nature and direction of waves, slope 
inclination and frequency of excitation all affect the topographic amplification of ground motion.  
Recently Bourdeau (2006) investigated the site effects and topography effects in the Las Colinas 
slope during 2001 El Salvador earthquake by numerical simulations.  This analysis revealed that 
very large amplification observed at the crest of the slope.  Similar numerical simulations were 
performed by Sigaran-Loria and Hack (2006) for two different sites during two real earthquakes 
in Colombia (1999) and El Salvador (2001).  This numerical study shows that there exists high 
ground motion amplification along the top of hills.  It reveals that level of topographic 
amplification decreases towards the base with exponential trend. 
The numerical studies given above generally showed that: (i) there is qualitative agreement on 
ground motion amplification at ridges and mountain tops, and de-amplification at the base of 
hills, (ii) the topographic amplification is related to the steepness of the slope, (iii) topographic 
effects are frequency-dependent; the stronger effects correspond to wavelengths comparable to 
the horizontal dimension of the topographic feature.   
5.4 Physical Modeling Studies on Topographic Amplification  
Several recent studies have used physical modeling to investigate topographic effects. 
Madabbushi et al. (2002) carried out centrifuge tests to investigate the seismic stability of the 
steep slopes of granular soil.  Acceleration-time histories recorded within the slope showed 
significant apparent acceleration amplification (from combined site and topographic effects) of 
the base motion.  Similarly, Yu and Lee (2002) conducted centrifuge model studies to investigate 
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topographic amplification in soft ground.  The models were comprised of Singapore marine clay, 
kaolin-rich soft clay with small shell fragments.  Their study concluded that for a given soft clay 
thickness, the amplification of earthquake shaking decreases with increasing earthquake intensity.  
Both of these physical model studies indicated that overall amplification of ground motion 
decreases with earthquake intensity. 
Recently Ozkahriman et al. (2007) discussed topographic effects observed during a centrifuge 
model test on sand embankment and compared these with the findings of numerical studies by 
others.  Despite the modest inclination of the side slopes (25º and 30º), the higher ground motion 
amplification was observed at crest of the embankment. Figure 5.2 summarizes topographic 
amplification for all motions over the full test series.  Peak topographic response ranges over 
normalized frequencies of 0.25 to 0.45 during lower amplitude input motion, while peak response 
is largely centered at approximately 0.2 for the larger amplitude test motions.  It is important to 
note that soil non-linearity effects become significant for the large amplitude motions, and hence, 
the offset in peak frequency response between the high and low amplitude tests may be the result 
of frequency normalization based on low strain modulus properties of the soil.  If lower, strain-
compatible shear wave velocities were adopted, the peak frequency would shift to a slightly 
higher normalized frequency.  Nevertheless, the relative consistency in the frequency content of 
the peak topographic response is remarkable.  Moreover, it provides support for the work of 
Ashford et al. (1997) which found that peak topographic response occurs at a normalized 
frequency of 0.2.  The results also mirror generally similar trends noted by Stewart and Sholtis 
(2005) for a full scale cut slope.  The reduction in topographic amplification that occurs a 
normalized frequency of approximately 0.45 coincides with the embankment's fundamental 
frequency and is therefore a likely consequence of site rather topographic effects, though it is 
worth noting that Ashford et al. (1997) show some minor topographic de-amplification at this 
normalized frequency. 
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Figure 5.2.  Observed Topographic Amplifications of Centrifuge Model (Ozkahriman et al., 2007) 
 
Overall dynamic response of the embankment was largely governed by site effects, particularly at 
it’s resonate frequency of approximately 5.5 Hz.  Topographic effects playing a much less 
significant role; nevertheless, significant amplification did generally occur at normalized 
frequencies of 0.20 to 0.45.  In general, there was significant spatial variation in the amplitude 
and frequency content across the embankment. Topographic effects were most pronounced for 
the tests involving low amplitude input motions.  This physical modeling test demonstrates the 
viability of using physical modeling technique to study contributions of site and topographic 
effects in dynamic responses of earth structures and systems. 
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CHAPTER 6: TOPOGRAPHIC EFFECTS IN SHAKE TABLE MODEL TEST 
6.1 Introduction  
Following the presentation of previous and ongoing studies’ findings on the effects of topography 
on the seismic response of slopes and embankments, topographic effects from a physical 
modeling perspective is presented in this chapter.  An alternative simulation technique, physical 
modeling has been recognized as a powerful and largely overlooked approach for investigating 
the effects of topography on seismic response of earth structures since it provides fully defined 
“model scale” case studies.  The effects of various earthquake loading conditions (ground motion 
duration, intensity, frequency content etc.) and surface topography (slope inclination and slope 
height) on topographic amplification observed in laboratory-scale cohesive embankment model 
are addressed in the chapter.  The main objectives of the present chapter are the following:  
• To study ground motion amplification in the shake table model test and quantify 
contribution of topographic, site and apparent (total) amplification in overall 
amplification. 
• To investigate the effect of ground motions characteristics (intensity, frequency content 
and duration) on the measured amplification in the physical model tests.  
• To study the effect of slope inclination on topographic amplification. 
• To develop a numerical simulation of the shake table model test and compare the trends 
from these two different simulation techniques. 
• To compare the results with from these studies with the findings of previous studies by 
others. 
6.2 Shaking Table Model Test 
The shaking table model was intended to simulate a 12.0 m high prototype cohesive embankment 
overlying a 4.5 m foundation layer.  The small-scale shake table model presented in Figure 6.1 
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has a geometric scaling factor (λ) of 60. This scaling factor were selected considering the 
dimensions of the model container and the "workability" limits (related to water content) of the 
“model clay” soil used in the experimental study.  Detailed information of “model clay” is 
previously described in Chapter 3, Section 3.3.2. 
6.2.1 Details of Model Test 
The detailed geometry and instrumentation plan of the shake table model are given in Figure 6.1.  
Cross section of the small-scale model along its middle section shows that the slopes the models 
were inclined at 45 degrees (right slope) and 55 degrees (left slope).  The shake table model, both 
the embankment and the foundation layer, consist of fully saturated cohesive material with water 
content in the range of 78% to 80%.   
The experiments were conducted using Drexel University's E.E. Cruz Shaking table, a 135 cm 
wide and 107 cm long single-degree-of-freedom device located in the Hess Engineering 
Laboratory complex.  Models and their containment systems up to 1360 kg can be accommodated 
over an excitation frequency range of 0-50 Hz.  The detailed information on shake table is 
presented in Chapter 3, Section 3.2.1.  The model was built in a rigid-wall model container with 
inside dimensions of 168 cm and 118 cm.  The Plexiglas box container front, back and side walls 
were fabricated from 1.9 cm thick sheets of Plexiglas and the base consisted of a 2.5 cm thick 
piece of Plexiglas.  A geosynthetic "geonet" material was fastened to the floor of the model 
container to create a high friction interface and thereby reduce the potential for movement 
between the base of the model clay and the smooth Plexiglas surface.  The detailed information 
on model container is presented in Chapter 3, Section 3.2.3.  Fully instrumented model photo 
presented in Figure 6.2 shows that the model did not in contact with the container’s front and rear 
boundary walls to minimize the boundary effects.  Per the findings in Chapter 4 Section 4.3.3., 
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side walls were covered by two plastic sheets before model construction and it was intended to 
minimize the boundary effects near the rigid model container.   
The model was constructed accordance with the model construction procedure described earlier 
in Chapter 3, Section 3.4.  During model construction accelerometers (described earlier in 
Chapter 3, Section 3.2.5.1.) were placed into the model at predefined locations.  During and at the 
end of the tests, model surveying was performed using the profiler along the middle section of the 
model.  During experiment shear wave velocity of the model between accelerometers A5-A12 
and A7-A11 were calculated by the first arrival time of the S-waves that were generated by 
hitting an aluminum plate temporarily placed on the embankment, which generated downward 
vertically propagating waves.  Representative shear wave velocity (average shear wave velocity 
over the height of the models) for the model is in the range of 15.75 m/sec and 14.25 m/sec.  The 
variation in measured S-waves velocities is due to the low repeatability of the wave form 
generated by hitting aluminum plate.   
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Figure 6.1.  Shaking Table Model Geometry and Instrumentation Plan in Model Scale 
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Figure 6.2.  Fully Instrumented Model 
 
After completion of the experiments and the surveying of the models, vane shear tests, excavation 
of the models, and moisture content determination tests were completed.  During the model 
excavation, approximately 20 soil samples were collected from different locations and depths.  
The moisture content tests results indicate that the water content of the model is in the range of 
78% to 80% (maximum variation of +/-2.0%).  Three vane shear tests were conducted on the 
model at different locations with a portable laboratory-scale mechanized vane shear with a 5 cm 
high by 2.5 cm diameter rectangular vane blade to measure the undrained shear strength of the 
model clay.  Results of performed vane shear tests on the model are presented in Figure 6.3 as a 
variation of shear strength with circumferential displacements.  It is worth to noting that the 
results are consistent and there is small variation among three vane shear tests due to small 
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percentage difference in water content of the model clay.  As shown in Figure 6.3 undrained shear 
strength of the model is in the range 4.4 to 4.8 kPa and residual shear strength is around 2.4 kPa.  
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Figure 6.3.  Results of Vane Shear Tests in “Model Scale” 
 
Once vane shear tests were completed, a side panel of the container was removed, and the clay 
was carefully excavated toward the spaghetti rows by hand.  After reaching the spaghetti strands, 
a checkered calibration scale was then placed next to the strands, and digital photographs were 
taken.  
The model was subjected to a suite of ground motions including both synthetic (frequency sweeps 
and sine pulses) and recorded earthquake ground motions.  The model was subjected to a total of 
15 different motions (four sine pulses, three frequency sweeps and eight recorded earthquake 
motions) of various amplitude and frequency contents; detailed information of ground motions 
used in investigation of topographic effects in shake table test series is presented in Table 6.1.  
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Table 6.1.  Details of Ground Motions Used in Shaking Table Model Test in “Model” Scale 
Motion 
Type 
Motion 
No 
PGA 
(g) 
Predominant
Frequency 
(Hz) 
Mean 
Period 
(sec) 
Mean 
Freq. 
(Hz) 
Significant 
Duration 
D5-95(sec) 
Arias 
Intensity
(m/sec) 
Sine Sweep 1 0.11-0.19 3.5-12.5 0.16 8.67 9.05 0.93 
Sine Sweep 2 0.09-0.20 3.5-17.5 0.16 9.63 21.14 0.87 
Sine Sweep 3 0.09-0.23 5.0-24.0 0.08 17.55 21.48 2.35 
Sine Pulse 4 0.24 4.0 0.23 5.92 4.01 0.55 
Sine Pulse 5 0.08 12.0 0.06 23.42 3.70 0.08 
Sine Pulse 6 0.09 15.0 0.07 15.21 2.56 0.07 
Sine Pulse 7 0.45 20.0 0.05 20.08 3.88 2.63 
EQ 1 8 0.21 5.88 0.20 7.58 7.89 0.22 
EQ 2 9 0.22 5.00 0.13 10.40 1.45 0.06 
EQ 3 10 0.25 7.14 0.13 13.50 3.21 0.22 
EQ 4 11 0.22 13.33 0.07 18.02 1.69 0.05 
EQ 5 12 0.36 22.00 0.06 22.37 1.31 0.05 
EQ 6 13 0.29 16.67 0.06 22.52 1.18 0.13 
EQ 7 14 0.37 33.33 0.07 23.63 1.28 0.14 
EQ 8 15 0.33 28.00 0.04 27.92 0.75 0.06 
Sine Sweep 16 0.11-0.19 3.5-12.5 0.16 8.67 9.05 0.93 
Sine Sweep 17 0.09-0.20 3.5-17.5 0.16 9.63 21.14 0.87 
Sine Sweep 18 0.09-0.23 5.0-24.0 0.08 17.55 21.48 2.35 
 
Note: 
1. Ground motion parameters were calculated using the shaking table accelerometer 
2. Mean frequency was calculated after Rathje et al. (1998)  
3. Significant duration was calculated after Trifunac and Brady (1975) 
4. Arias intensity was calculated after Arias (1970) 
 
6.2.2 Low Strain Dynamic Response of the Model 
Model was shaken with low amplitude frequency sweep motions (3.5 Hz-12.5 Hz, 3.5 Hz-17.5 
Hz and 5.0-24.0 Hz) having peak horizontal "ground" accelerations in the range of 0.09g to 0.23g 
before being subjected to moderate to high intensity motions (sine waves and recorded 
earthquake motions).  The response of the model at accelerometers A4, A5, A6, A7 and A8 close 
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to top of the model embankment during the frequency Motion no.1 (frequency sweep 3.5 Hz- 
12.5 Hz in model scale corresponds 0.45 Hz-1.61 Hz sweep in prototype scale) are presented in 
Figures 6.4 and 6.5 in “prototype” scale.  Spectral accelerations of given accelerometers is 
presented in Figure 6.4 and spectral acceleration ratio defined as response spectral acceleration 
(damping = 5%) of a given accelerometer divided by the spectral acceleration for an 
accelerometer attached to the shaking table (i.e. the base input motion) is presented in Figure 6.5.  
The amplified response at top of the models shown in Figure 6.5 indicates that the fundamental 
frequency of the model is 1.6 Hz in “prototype” scale.   
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Figure 6.4.  Spectral Accelerations of Accelerometers (A4, A5, A6, A7 and A8) in “Prototype” Scale 
during Frequency Sweep (Motion 1) with PGA 0.11g  
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Figure 6.5.  Spectral Ratios of Accelerometers (A4, A5, A6, A7 and A8) in “Prototype” Scale during 
Frequency Sweep (Motion 1) with PGA 0.11g 
 
The fundamental frequency of the model during applied frequency sweeps is presented in Figure 
6.6 with the amplitude of applied base motions presented in Figure 6.6.  The fundamental 
frequency slightly decreases with increasing amplitude of the sine sweep motions.  Two-
dimensional fundamental frequencies of the models were calculated using a theoretical 
relationship proposed by Ambraseys and Sarma (1967) for triangular-shaped embankment 
Ts=2.61H/Vs, where H=height, Vs=shear wave velocity, and Ts=fundamental period of the model.  
The prototype theoretical two-dimensional fundamental frequency was in the range of the 2.5 Hz 
2.8 Hz.  The theoretical one-dimensional fundamental frequency was in the range of 1.64 Hz to 
1.80 Hz.  These calculations were based on the calculated shear wave velocities in the range of 
110 m/sec to 120 m/sec for prototype embankment.  It is worth noting that the fundamental 
frequencies of the models obtained from amplified response during the frequency sweeps in the 
range of 1.45 Hz to 1.65 Hz are similar to the one-dimensional theoretical fundamental 
frequencies.   
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Figure 6.6.  Variation of Fundamental Frequency of the Model with Peak Ground Acceleration of Base 
Input Motion 
 
After completion of the frequency sweeps, the model was surveyed with the profiler described in 
Chapter 3, Section 3.4 along its middle section to see any deformations were generated during the 
sweep motions.  The measured profiles indicated that no permanent deformation occurred during 
frequency sweep test motions. 
6.2.3 Post-test Profiles 
After completion of the test, the model was surveyed along the middle section and obtained post-
test profile of the model presented in Figure 6.7 together with pre-test profile. 
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Figure 6.7.  Pre-test and Post-test Profiles of Shaking Table Model in Model Scale 
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The obtained profiles indicated that there was approximately of 0.25 cm horizontal sliding at the toes 
of slopes during the test and the model geometry (i.e.; height and slope inclinations) was constant 
during all input motions.  During the model excavation digital photographs of spaghetti strands were 
taken.  One of the photos of the spaghetti strands at middle section of the model is presented in Figure 
6.8.  It shows that the spaghetti strands did not experience internal shear during the input motions and 
there is no deformations distributed in the model.   
6.3 Ground Motion Amplifications in Shaking Table Model Test 
The shake table model test was subjected to a series of low to moderate intensity motions during 
which the model experienced negligible small permanent deformation.  Hence, the models' surface 
topography height and slope inclination was same over the full test series.  Accelerations were 
sampled at a frequency of 650 Hz and 1350 Hz (model-scale) during the tests, with the lower 
sampling rate being used for the longer duration test motions (sine sweeps and sine pulses).  The 
acceleration time histories recorded during input motions were zeroed and baseline corrected using a 
4th order high pass Butterworth filter with a corner frequency of 0.25 Hz.   Model response was 
reviewed with respect to topographic amplification phenomenon in the following sections of the 
chapter.  The amplification of ground motions was studied by comparing the near surface 
accelerometers in the time and frequency domain. 
6.3.1 Observed Amplifications in Time Domain 
6.3.1.1 Amplification during Frequency Sweeps  
The shaking table tests reported here were performed using the low to moderate intensity sine sweep 
motions (0.09g<PGA<0.23g).  
Frequency Sweep (Motion # 3) 
Figure 6.9 presents the contours of peak ground acceleration (PGA) recorded during the 0.19 g, 5.0 
Hz-24 Hz sine sweep input motion in “model” scale (frequency sweep 5.0 Hz-24 Hz in model scale 
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corresponds 0.65 Hz-3.1 Hz sweep in prototype scale). The PGA contours in Figure 6.9 indicate that 
higher PGA values at crest of the 55 degree slope was higher than the PGA at same elevations along 
the 45 degree slope.   
 
Figure 6.9.  Peak Ground Accelerations (PGA) Contours during 5.0 Hz-24.0 Hz Frequency Sweep with PGA 
0.19g in Model Scale 
 
Figures 6.10 and 6.11 show the variation of peak ground accelerations and Arias intensities at 
selected accelerometers located at various locations of the model in “prototype” scale.   Figure 6.10 
shows that while the maximum PGA 0.55g is recorded at the crest of the 55 degree slope, 0.50g and 
0.53g acceleration was recorded at the top of the model near its middle location and at the crest of 45 
degree slope respectively.  The higher magnitude of PGA at the steeper of the two slopes is very 
likely a consequence of surface topography.  The similar trend is observed in Figure 6.11. The 
maximum Arias intensity was observed at accelerometer A4 for the 55 degree slope crest.  Figures 
6.10 and 6.11 show the variation of recorded PGA and arias intensities along the 45 and 55 degree 
slopes.  While the Arias intensity, PGA at the toe of the slopes correlates well, the values are higher at 
top of 55 degree slope.  
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Figure 6.10.  Peak Ground Accelerations at given accelerometers during 0.65 Hz-3.1 Hz (Motion 3) Frequency 
Sweep in Prototype Scale  
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Figure 6.11.  Arias Intensity at Given Accelerometers during 0.65 Hz-3.1 Hz Frequency (Motion 3) Sweep in 
Prototype Scale 
 
Figure 6.12 presents the variation of amplification factor, which is defined as the ratio of PGA or 
Arias intensity of given accelerometers to the shake table values, with distance from 55 degree slope 
crest.  The data indicate that the base input motion was amplified at all accelerometers locations along 
the top of the model.  The maximum amplifications, 9.66 and 2.90 considering Arias intensity and 
PGA values, respectively, was observed at accelerometer A4 crest of 55-degree slope.  The 
amplification factor of the base input motion at the middle of the prototype embankment, 32 m behind 
199 
 
from the 55-degree slope crest is 7.31 and 2.63 considering Arias intensity and PGA respectively.  
The higher amplification at the steeper of the two slopes is a consequence of surface topography.   
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Figure 6.12.  Amplification Factors variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during 0.65 Hz-3.1 Hz Frequency Sweep in Prototype Scale 
 
Effects of Frequency Content of Input Motions on Ground Motion Amplification 
Figure 6.13 presents the variation of amplification factors of the base input motion at various 
accelerometer locations at the top of embankment during three different frequency sweeps with 0.19g 
PGA (Motion # 1 to # 3 presented in Table 6.1).  It indicates that the base input motion was amplified 
at all accelerometers located at the top of the model and the maximum amplifications were observed 
at accelerometer A4 at crest of 55-degree slope.  The figure suggests that there is no obvious trend 
between frequency content of the input motion and the amplitude of amplification factor. 
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Figure 6.13.  Amplification Factors variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during Frequency Sweeps in Prototype Scale 
 
Effects of Input Motion PGA on Ground Motion Amplification 
Figure 6.14 presents the variation of amplification factor of the base input motion at various 
accelerometer locations at the top of embankment during 0.65 Hz-3.1 Hz frequency sweep with 
different PGA (Motion # 3 in Table 6.1).  The figure shows that the higher amplification of arias 
intensity and PGA was observed with increasing input motion amplitude.  It can be related to the low 
intensity frequency sweep with 0.09g amplitude, which did not significantly degrade the stiffness of 
the soil and, as such, the observed amplification would be solely due to surface topography.  The 
other amplification during 0.19g and 0.21g amplitude frequency sweeps can be due to combination of 
surface topography and subsurface condition. 
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Figure 6.14.  Amplification Factors variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during 0.65 Hz-3.1 Hz Frequency Sweep in Prototype Scale 
 
6.3.1.2 Amplification during Sine Pulses  
Sine Pulse with Frequency of 0.56 Hz (Motion # 4) 
Peak ground acceleration contours for the shaking table test during a sine pulse input motion (0.516 
Hz with a PGA of 0.24g) are presented in Figure 6.15, which show a concentration of high 
acceleration (up to 0.37g) at the crest of the 55 degree slope.  The PGA contour pattern and Figure 
6.16 indicate that the PGA at the 45 degree crest is approximately 0.36g, which is close to the PGA at 
the crest of 55 degree slope.  The PGA recorded at accelerometer A5 (0.33g) is the lowest among the 
five accelerometers located top of the embankment.   
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Figure 6.15.  Peak Ground Accelerations (PGA) Contours during Sine Pulse (Motion 4) in Model Scale 
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Figure 6.16. Peak Ground Accelerations at given Accelerometers during Sine Pulse (Motion 4) in Prototype 
Scale 
 
Figures 6.16 and 6.17 present the variation of peak ground accelerations and Arias intensities at 
selected accelerometers (A2 through A10).  Figure 6.17 shows that while the maximum Arias 
intensity of 13.0 m/sec was recorded at the crest of the 55 degree slope, arias intensity values of 10.0 
m/sec and 12.3 m/sec were recorded at the top of the model near its middle location and the crest of 
45 degree slope, respectively.  Figures 6.16 and 6.17 suggest that the higher recorded PGA and Arias 
intensities at the crests of the 45 and 55 degree slopes had a decreasing trend from the crests of the 
slopes downwards.  
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Figure 6.17. Arias Intensity at given Accelerometers during Sine Pulse (Motion 4) in Prototype Scale 
 
Figure 6.18 presents the pattern of amplification factor with distance from the 55 degree slope crest.  
It indicates that the maximum amplification (the ratio of PGA or Arias Intensity at given 
accelerometer to the base input motion values) of base input motion, 3.05 and 1.55 considering Arias 
intensity and PGA values, was observed at the crest of 55 degree slope (A4).  It correlates well with 
the data presented in Figures 6.13 and 6.14.  The amplification factor of the base input motion at the 
middle of the prototype embankment 32 m behind from the 55 degree slope crest is 2.45 and 1.55 
based on Arias intensity and PGA ratios, respectively. 
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Figure 6.18.  Amplification Factors variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment Sine Pulse (Motion 4) in Prototype Scale 
 
Effect of Frequency Content of Sine Pulses on Ground Motion Amplification 
To investigate the effect of frequency content of sine pulses on input motion amplification, four 
different sine pulses were included in the test program (Motions # 4 to # 7 in Table 6.1).  Figure 6.19 
presents the variation of amplification factors during these sine pulses at various accelerometer 
locations at the top of embankment.  It indicates that the base input motion is amplified at all 
accelerometers locations along the top of the model and the maximum amplification of approximately 
9.0 was observed during sine pulses with a frequency of 1.55 Hz (Motion #5 in Table 6.1) at the 55 
degree slope crest.  This observed high amplification during Motion # 5 can be related to the resonant 
frequency of the model.  As previously presented in Figures 6.4 and 6.5, the fundamental frequency 
of the model is 1.6 Hz and it coincides with the predominant frequency of the sine pulse at 1.55 Hz 
(Motion # 5).   
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Figure 6.19.  Amplification Factors Variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during Sine Pulses (Motion 4 to 7) in Prototype Scale 
 
6.3.1.3 Amplification during Recorded Earthquakes 
Recorded Earthquake EQ 3 (Motion# 8) 
Peak ground acceleration contours for a shaking table test during a scaled, recorded earthquake 
motion (Motion # 8 in Table 6.1) are presented in Figure 6.20. The figure show a concentration of 
high PGA values (up to 0.67g) at the crest of the 55 degree slope. The PGA contour pattern and 
Figure 6.21 indicate that the PGA at the 45 degree crest was 0.64g, which is slightly lower than the 
recorded PGA at the 55 degree slope crest. The PGA recorded at accelerometer A5 (0.59g) is the 
lowest among the five accelerometers located top of the embankment. The higher PGA recorded at 
the steeper of the slopes is due to the surface topography effect on ground motion amplification. 
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Figure 6.20.  Peak Ground Accelerations (PGA) Contours during EQ 3 (Motion 8) in Model Scale 
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Figure 6.21.  Peak Ground Accelerations at given Accelerometers during EQ 3 (Motion 8) in Prototype Scale 
 
Figure 6.22 the variation of Arias intensities at selected accelerometers (A2 through A10) show the 
similar trend with Figures 6.11 and 6.17.  The higher Arias intensity at the crest of the steeper slope is 
very likely a consequence of surface topography.  Figures 6.21 and 6.22 also show the increasing 
trend of recorded PGA and Arias intensities along the 45 and 55 degree slopes from the toes to the 
crests of the slopes.   
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Figure 6.22.  Arias Intensity at given Accelerometers during EQ 3 (Motion 8) in Prototype Scale  
 
The similar trend with Figure 6.12 and 6.18 was observed in the variation of amplification factor 
across the embankment as shown in Figure 6.23.  The highest amplification was concentrated at the 
55 degree slope crest and the lower amplification was observed at the middle of the prototype 
embankment approximately 32 m behind the crest.  The amplification factor calculated using Arias 
intensities of recorded acceleration time histories give the higher amplification factor compared to 
amplification ratios based on PGA values.  This may be because Arias intensity includes both peak 
ground acceleration and duration.  
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Figure 6.23.  Amplification Factors Variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment EQ 3 (Motion 8) in Prototype Scale 
 
Summary of Observed Amplification during Recorded Earthquakes  
To investigate the effect of frequency content and amplitude of recorded earthquakes (EQ 1 to EQ 8) 
on input motion amplification, calculated amplification factors considering PGA and Arias intensity 
during these eight scaled earthquakes are presented in Figures 6.24 and 6.25.  The data indicate that 
the base input motion is amplified at all accelerometers locations along the top of the model and the 
maximum amplifications were observed at accelerometer A4 located at the crest of the 55 degree 
slope (EQ 2 is the only exception to this).  Figures 6.24 and 6.25 show that there is no obvious trend 
between frequency content and amplitude of the input motion and the amplitude of amplification 
factor.  
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Figure 6.24.  Amplification Factors Variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during Motion 8 to Motion 15 in Prototype Scale 
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Figure 6.25.  Amplification Factors Variation with Distance from Crest of 55 degree Slope along Top of the 
Embankment during Motion 8 to Motion 15 in Prototype Scale 
 
6.3.1.4 Contribution of Topographic Amplification to Overall Dynamic Response  
Amplifications (i.e., topographic amplification, site amplification, and apparent amplification) used in 
this study were defined as follows in accordance with Ashford and Sitar (2002):  
“Topographic amplification”, defined as the amplification of the free-field motion at the crest:  
ffc
ffc
t a
aa
A
−= max    (6.1) 
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‘‘Site amplification’’, defined as the amplification of the soil column at the middle location of the 
model relative to that at the base of the model:  
base
baseffc
s a
aa
A
−=    (6.2) 
‘‘Apparent amplification’’, defined as the amplification of the motion between the base and the crest 
of the model: 
base
base
a a
aa
A
−= max    (6.3) 
where 
 maxa : maximum free-field acceleration at the crest 
 ffca  : maximum free-field acceleration behind the crest (middle of embankment) 
 basea : base input motion (accelerometer attached to shake table) 
 
The topographic, apparent amplifications at 55 and 45 degree slope crests and site amplification 
observed in the physical model test were quantified using the Eqs. 6.1 to 6.3 based on the peak 
ground acceleration amplitude (PGA).  The results tabulated in Table 6.2 shows that the contribution 
from topographic amplification was minimal and over all dynamic response of the embankment was 
largely governed by site effects.   
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Table 6.2.  Amplifications Calculated based on Peak Ground Accelerations 
Motion Motion Frequency PGA Topo. Amp. Topo. Amp. Appa. Amp. Appa. Amp. Site
Type No (Hz) (g) (A4)t (A8)t (A4)a (A8)a Amp.
Sine Sweep 1 3.5-12.5 0.19 0.174 0.152 1.842 1.789 1.421
Sine Sweep 2 3.5-17.5 0.2 0.226 0.094 2.250 1.900 1.650
Sine Sweep 3 5.0-24.0 0.21 0.385 0.124 2.428 1.782 1.476
Sine Pulse 4 4 0.24 0.137 0.124 0.542 0.524 0.356
Sine Pulse 5 12 0.09 0.185 0.185 7.556 7.556 6.222
Sine Pulse 6 15 0.09 0.077 -0.077 3.667 3.000 3.333
Sine Pulse 7 20 0.45 0.154 0.115 1.667 1.578 1.310
EQ 1 8 5.88 0.21 0.259 0.111 0.619 0.429 0.286
EQ 2 9 5 0.22 0.148 0.130 1.818 1.773 1.455
EQ 3 10 7.14 0.25 0.136 0.102 1.680 1.600 1.360
EQ 4 11 13.33 0.22 0.190 0.032 2.409 1.955 1.864
EQ 5 12 22 0.36 0.491 0.302 1.194 0.917 0.472
EQ 6 13 16.67 0.29 0.214 0.157 1.931 1.793 1.414
EQ 7 14 33.33 0.37 0.435 0.370 0.784 0.703 0.243
EQ 8 15 28 0.33 0.255 0.213 0.788 0.727 0.424  
6.3.2 Observed Amplifications in Frequency Domain 
Amplifications (i.e., topographic amplification, site amplification, and apparent amplification) 
defined earlier in Eqs. 6.1 to 6.3 were modified as follows to allow their study in the frequency 
domain.  
“Topographic amplification”:  
Emb
Embcrest
t PSa
PSaPSa
PA
))((
))(())((
))((
−=   (6.4) 
‘‘Site amplification’’: 
base
baseEmb
s PSa
PSaPSa
PA
))((
))(())((
))((
−=   (6.5) 
‘‘Apparent amplification’’: 
base
basecrest
a PSa
PSaPSa
PA
))((
))(())((
))((
−=   (6.6) 
In these equations: 
213 
 
embPSa ))((   = Acceleration response spectra ordinate for accelerometer located at the midpoint 
of the upper part of the embankment (similar is some respects to the “free field” used in Ashford and 
Sitar’s (2002) amplification definition) [corresponds A5 in the model] 
crestPSa ))((   = Acceleration response spectra ordinate for accelerometer located at the slope crest 
[corresponds A4 or A8 in the model] 
basePSa ))((   = Acceleration response spectra ordinate for base motion [corresponds to 
accelerometer attached to shake table] 
In the absence of real free field recordings, the middle top portion of the embankment (A5) was 
assumed as a free field recording.  Equations 6.4 to 6.6 are defined according to this assumption.  
Treating topographic and site amplification separately allows their individual contributions to total 
ground motion amplifications to determined (Ashford and Sitar, 2002).  The following section 
considers the dynamic response of the model during frequency sweeps, sine pulses, and scaled 
recorded earthquakes. The plots in this section are presented in “prototype” scale. 
6.3.2.1 Topographic Amplification during Frequency Sweeps  
 Frequency Sweep (Motion # 3) 
Figure 6.26 presents the acceleration response spectra for each of the surface accelerometers during 
frequency sweeps in the range of 0.65 Hz to 3.1 Hz.  It shows that accelerometers at the top of the 
embankment have relatively high spectral accelerations, the largest two being A4 and A8 located at 
the crests of 55 and 45 degree slopes, respectively.  The higher response at this location is a 
consequence of surface topography.  Figure 6.26 also shows that the response spectra of motions 
recorded along the 55 and 45 degree slopes progressively increase with height.   
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Figure 6.26.  Spectral Accelerations of Surface Accelerometers during Motion 3 (Frequency Sweeps of 0.65 
Hz-3.1 Hz with PGA 0.20g) 
 
Figure 6.27 presents the calculated apparent, site and topographic amplifications as defined by 
Equations 6.4 through 6.6, for both side slopes  The results are presented as a function of frequency 
(at the prototype scale) and normalized frequency, defined as slope height/wavelength.  This and 
comparable normalized frequency scale used in previous studies of topographic amplification by 
Ashford et al. (1997) and Ashford and Sitar (1997).  Overall, it is clear that overall response of the 
embankment is largely governed by its one dimensional site response, with topographic effects 
playing a less significant role.  Peak response in the middle-top portion (A5) of the embankment 
occurs at about 1.6 Hz, which corresponds to the natural frequency of the embankment.  Topographic 
effects are shown to be significant at a normalized frequency at 0.30.   
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Figure 6.27.  Observed Amplifications during Motion 3 at Crests of 55 and 45 degree Slopes (Eqs. 6.4-6.6) 
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Summary of Topographic Amplification during Sine Sweeps 
Topographic amplifications observed at 55 and 45 degree slopes during different frequency sweeps 
(Motions #1 to # 3 in Table 6.1) are presented in Figures 6.28 and 6.29.  It is shown that topographic 
amplifications were concentrated over normalized frequencies in the range of 0.25 to 0.35.  This 
corroborates well with the Ashford et al. (1997), who found that peak topographic response, occurs at 
a normalized frequency of 0.20.  Finally, note that topographic effects are slightly more pronounced 
for the steeper of the two slopes.  The reported topographic amplifications in Figures 6.28 and 6.29 
suggest that the frequency content and the PGA of base input motions in the range of 0.11g to 0.21g 
do not have obvious effects on topographic amplifications. 
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Figure 6.28. Topographic Amplifications at Crest of 55 degree Slope during Motion 1 to 3 
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Figure 6.29. Topographic Amplifications at Crest of 45 degree Slope during Motion 1 to 3 
 
6.3.2.2 Topographic Amplification during Sine Pulses 
Sine Pulse with Frequency of 0.56 Hz (Motion # 4) 
Acceleration response spectra for accelerometers at the top of embankment (A4, A5, A6, A7 and A8) 
presented in Figure 6.30 shows that relatively high spectral accelerations were observed at the top of 
embankment in the range of 1.5 Hz to 3.9 Hz.  The largest spectral responses were located at the 
crests of 55 and 45 degree slopes.   
Figure 6.31 presents the calculated apparent, site and topographic amplifications for both side slopes 
during sine pulse motions with frequency of 0.56 Hz and PGA of 0.24g.  It shows that overall 
response of the embankment is largely governed by its site effects, and topography effects on ground 
motion amplification are minimal.  Peak apparent and site amplifications are concentrated at 1.6 Hz 
which corresponds to the natural frequency of the embankment.  Topographic attenuation is shown to 
be significant over normalized frequency at 0.30 and it coincides with the trend observed in Figures 
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6.28 and 6.29.  Figure 6.31 suggests that topographic amplification at 55 degree slope was 
approximately 40% is higher than the amplification at 45 degree slope. 
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Figure 6.30.  Spectral Accelerations of Surface Accelerometers during Motion 4 
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Figure 6.31. Observed Amplifications during Motion 4 at Crests of 55 and 45 degree Slopes (Eqs. 6.4-6.6) 
6.3.2.3 Topographic Amplification during Recorded Earthquakes  
Recorded Earthquake EQ 5 (Test Motion 12) 
Recorded spectral accelerations at the accelerometers located at the top of embankment presented in 
Figure 6.32 shows that the largest spectral responses was observed at the crests of 55 degree slope 
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(A4).  The spectral acceleration at the crest of 45 degree slope is slightly lower than that recorded at 
the 55 degree slope.  The calculated apparent, site and topographic amplifications for both 55 and 45 
degree slopes during earthquake EQ 5 (PGA = 0.36g) are presented in Figure 6.33.  It shows that the 
overall response of the embankment is largely governed by its one dimensional site amplification, and 
contribution of topographic amplification to overall amplification is minimal.  This mirrors the trends 
observed during the sine sweep and sine pulse motions.  Peak apparent and site amplifications are 
concentrated at the 1.6 Hz resonant frequency of the embankment.  Figure 6.33 suggests that 
topographic attenuation is significant over normalized frequency in the range of 0.25 to 0.40.  It also 
presents that the topographic amplification observed at steeper slope is more pronounced than 45 
degree slope.    
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Figure 6.32.  Spectral Accelerations of Surface Accelerometers during EQ 5 (Motion 12) with PGA 0.36g  
221 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
A
m
pl
ifi
ca
tio
n
Site Amplification
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Slope Height/Wavelength
0.0
1.0
2.0
3.0
4.0
5.0
A
m
pl
ifi
ca
tio
n
Apparent Amp. @ Crest of 55o Slope
Apparent Amp. @ Crest of 45o Slope
0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 15.0
Frequency (Hz)
-0.25
0.00
0.25
0.50
0.75
A
m
pl
ifi
ca
tio
n
Topographic Amp. @ Crest of 55o Slope
Topographic Amp. @ Crest of 45o Slope
 
Figure 6.33.  Observed Amplifications during EQ 5 (Motion 12) at 55 and 45 degree Slopes (Eqs. 6.4-6.6) 
 
 
 
222 
 
Summary of Topographic Amplification during Recorded Earthquakes 
Figure 6.35 and 6.36 summarizes topographic amplification at the 55 and 45 degree slope crests 
during the earthquake ground motions at various accelerometer locations during different earthquakes 
(Motions #8 to #15).  The figures show that peak topographic response ranges over normalized 
frequencies of 0.25 to 0.45.  It shows remarkable consistency in the peak topographic normalized 
frequency regardless of the input motion amplitude.  It is worth noting that slope inclination effects 
on topographic amplification become noticeable during motions #8 to #15 presented in Figures 6.34 
and 6.35.  The amplitude of topographic amplification at 55 degree slope is approximately 35-40% 
higher than the topographic amplification at 45 degree slope.  This coincides with the trend observed 
in Figures 6.28, 6.29 and 6.31, for topographic amplification of the 55 and 45 degree slopes.   
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Figure 6.34. Topographic Amplifications at Crest of 45 degree Slope during Motion 8 to 15 
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Figure 6.35. Topographic Amplifications at Crest of 55 degree Slope during Motion 8 to 15 
 
6.4 Numerical Simulation of Shaking Table Model 
The numerical simulation of shake table model dynamic response was performed using the two-
dimensional finite difference program FLAC (Fast Lagrangian Analysis of Continua) version 5 
(Itasca, 2005).  A detail description of this program is presented in the following section. 
6.4.1 Overview of FLAC  
The following description of the program FLAC is taken from Itasca (2005). “FLAC is a two-
dimensional explicit finite difference program which simulates the behavior of structures built of soil, 
rock or other materials that may undergo plastic flow when their yield limits are reached.  Materials 
are represented by elements, or zones, which form a grid that is adjusted by the user to fit the shape of 
the object to be modeled.  Each element behaves according to a prescribed linear or nonlinear 
stress/strain law in response to the applied forces or boundary restraints.  The explicit, Lagrangian 
calculation scheme and the mixed-discretization zoning technique used in FLAC ensure that plastic 
collapse and flow are modeled very accurately. Because no matrices are formed, large two-
dimensional calculations can be made without excessive memory requirements. The drawbacks of the 
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explicit formulation (i.e., small time step limitation and the need for material damping) are overcome 
to some extent by automatic inertia scaling and automatic damping that do not influence the mode of 
failure. Several built-in constitutive models are available that permit the simulation of highly 
nonlinear, irreversible response representative of geologic, or similar, materials.”  
“The basic formulation for FLAC is for a two-dimensional plane-strain model. This condition is 
associated with long structures or excavations with constant cross section and acted on by loads in the 
plane of the cross section. In addition, FLAC offers a plane-stress and axisymmetric geometry modes. 
Either velocity (and displacement) boundary conditions or stress (and force) boundary conditions may 
be specified at any boundary orientation. Initial stress conditions, including gravitational loading, may 
be given, and a water table may be defined for effective stress calculations. All conditions may be 
specified with gradients.” 
“The dynamic analysis option permits two-dimensional, plane-strain or axisymmetric, fully dynamic 
analysis with FLAC. The calculation is based on the explicit finite difference scheme to solve the full 
equations of motion using lumped grid point masses derived from the real density of surrounding 
zones (rather than fictitious masses used for static solution). This formulation can be coupled to the 
structural element model, thus permitting analysis of soil-structure interaction brought about by 
ground shaking. The dynamic feature can also be coupled to the groundwater flow model; this 
permits, for example, analyses involving time-dependent pore pressure change associated with 
liquefaction. User-specified acceleration, velocity or stress waves can be input directly to the model 
either as an exterior boundary condition or an interior excitation to the model. FLAC contains 
absorbing and free-field boundary conditions to simulate the effect of an infinite elastic medium 
surrounding the model. The dynamic option expands FLAC’s analysis capability to a wide range of 
dynamic problems in disciplines such as earthquake engineering, seismology and mine rock bursts.” 
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“As with traditional finite element methods, FLAC translate a set of differential equations into matrix 
of equations for each element, relating forces at nodes to displacements at nodes. Although FLAC’s 
equations are derived by the finite difference method, the resulting element matrices, for an elastic 
material, are identical to those derived by using the finite element method (for constant strain 
triangles). ” 
6.4.2 Details of FLAC Numerical Model 
The shake table model presented in Figure 6.1 was numerically modeled in FLAC software at the 
“prototype” scale. The mesh size for the model was estimated using the criteria defined by Eq. 6.7.  
Numerical distortion of the propagating wave can occur in a dynamic response analysis based on the 
numerical simulation conditions. The frequency content of the input wave and the wave-speed 
characteristics will affect the numerical accuracy of wave transmission in dynamic analysis (Itasca, 
2005). To obtain the accurate representative of wave transmission through a model, the element size 
of the model, lΔ , must be smaller than approximately one-tenth to one-eighth of the wavelength 
associated with the highest frequency component of the input wave (Kuhlemeyer and Lysmer, 1973). 
That is given as:  
10
λ<Δl     (6.7) 
where, λ is the wavelength of the highest frequency component of input wave. The grid size for this 
numerical dynamic response analysis presented in this section was determined fulfilling the 
requirement given in Eq. 6.7. 
Quadrilateral elements were used in the present modeling since they are less prone to strain 
concentration. The grid of the model was built sequentially to model the actual construction sequence 
of the shaking table model. The foundation soil layer was modeled as an elastic material during 
construction process to eliminate any construction induced deformation. Gravity was applied at the 
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end of construction and the soil model was then changed to strain softening, Mohr-Coulomb and 
elastic model. FLAC numerical simulation results were compared with the shake table model 
response to find the best material model for this specific problem.  It indicated that elastic material 
model provides the closest results to shake table model tests results for this specific problem.  
Accelerometer locations of the shake table model test were established in FLAC model grid as history 
points at theirs specified locations. History points were designated as FLAC grid points and used to 
collect time-histories of acceleration and deformation during the dynamic analysis. The displacement, 
velocity and history records were initialized before starting the dynamic run. The base of the model 
was fixed in horizontal (y) direction and assigned as a free in (x) direction. The recorded acceleration 
time histories recorded at the accelerometer attached to the shake table were baseline corrected and 
then velocity time histories were calculated.  The calculated velocity time history was applied to the 
bottom of FLAC model as a horizontal (x) velocity time history. Zero vertical (y) velocity was also 
applied at the same time to avoid rocking of the model. The free field boundary conditions were 
assigned at the left and right boundaries to simulate the prototype condition.   
A Rayleigh damping scheme was adopted in the numerical simulation.  The numerical simulation was 
initially performed with damping values of 5%, 7.5% or 10% and the results were compared with the 
shake table model response. Comparison with shaking table measurements indicated that damping of 
7.5% with a centre frequency (frequency at which mass damping and stiffness damping each supply 
half of the total damping force) of 1.25 Hz provides the closest match. The centre frequency for this 
analysis was selected based on the procedure outlined in the FLAC Version Dynamic Manual (Itasca 
2005). Briefly, velocity history points at several locations close to the model top were analyzed by 
performing fast Fourier Transforms (FFT). Frequencies where the FFT response was flat were 
identified and centre frequency was obtained as the middle value of this flat FFT response range.  
The prediction of the numerical simulation was judged against the shake table measurements by 
comparing the FLAC history records with the corresponding instruments at identical locations. In the 
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FLAC model the model materials properties were adjusted based on the laws of similitude presented 
earlier in Chapter 3, Table 3.1 to convert the model properties (i.e., shear wave velocity, unit weight, 
peak and residual strength) to the prototype scale.  The peak and residual strength of the model clay, 
measured using the vane shear, and the unit weight of the clay, obtained using thin wall tube samples, 
was converted to the prototype scale. The scaled shear wave velocity from model measurement was 
converted to the prototype using the similitude relationship yielded a shear wave velocity in the range 
of 110 m/sec 125 m/sec. This is representative of a prototype soil consisting of soft clay such as San 
Francisco Bay mud, which has a shear wave velocity of 120-180 m/sec.  A shear wave velocity of 
120 m/sec was used in the numerical simulation.  The shear modulus was calculated using the shear 
wave velocity and the density of the clay. A poisson’s ratio of 0.32 was used to calculate the bulk 
modulus of the model clay from the shear modulus. 
6.4.3 FLAC Simulation of Dynamic Response of Model 
6.4.3.1 Sine Sweep Motion # 3 
The shaking table model dynamic response during Motion 3 (sine sweep of 5-24 Hz in model scale 
corresponds to frequency sweep of 0.64 Hz -3.1 Hz in prototype scale) was simulated. The PGA for 
the base input motion was 0.21g. The recorded time history at the accelerometer attached to shake 
table was used as the input motion.  The shaking table accelerometer reading was baseline corrected 
(using a high-pass 4th order butterworth filter having a corner frequency of 0.25 Hz) before using it 
into FLAC numerical simulation. Unless noted otherwise, the baseline correction for the corner 
frequency values were adjusted until the final displacement in the baseline correction procedure 
yielded a zero value.   
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Figure 6.36.  Acceleration Time History of Base Input Motion 
 
Figure 6.36 presents the base input motions acceleration-time histories of the shaking table model and 
the FLAC model.  Figure 6.37 shows the response spectra for these acceleration-time histories.  The 
small difference between the shaking table accelerometer and FLAC input motion may be attributed 
to the baseline correction. 
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Figure 6.37.  Spectral Acceleration of Base Input Motion 
 
Figures 6.38, 6.39 and 6.40 present the response of accelerometers A2, A4, A5, A8 and A10 located 
along the surface of the models.  These figures indicate that the general trend of higher spectral 
response at the top of the embankment (A4, A5 and A8) and lower values at the bottom of the model 
(A2 and A10) occurs in both FLAC prediction and shaking table tests.  The FLAC simulation for the 
accelerometers A2 and A10 located at the lower part of the model is in good agreement with the 
shaking table measurement.  For the FLAC prediction for the accelerometers A4, A5 and A8 located 
at the top of the embankment, the shape of the spectral acceleration curve predicted by FLAC is 
similar to the shaking table measurements.  However, the magnitude of the shaking measurements is 
higher than the FLAC prediction for all the cases. Factors that might have contributed to this 
discrepancy include: (i) differences arising from the Rayleigh damping scheme adopted in the 
numerical model to represent the actual damping of the soil in the shaking table model, (ii) additional 
material damping associated with the plasticity based soil model, (iii) the simulated FLAC dynamic 
runs uses coarser time increment (0.005 sec. time step to define the input motion) than the one in used 
in the shaking table test (0.0031 sec) (Nasim, 2005).  
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Figure 6.38.  Spectral Accelerations of Surface Accelerometers A2 and A4 
 
0.1 1 10 100
Frequency (Hz)
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
Sp
ec
tra
l A
cc
el
er
at
io
n
Shaking Table Model @ A5
Flac Model @ A5
Damping: 5 %
 
Figure 6.39.  Spectral Accelerations of Surface Accelerometer A5 
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Figure 6.40.  Spectral Accelerations of Surface Accelerometers A8 and A10 
 
The spectral acceleration ratio for accelerometer A5 located at the middle of the embankment 
presented in Figure 6.41.  It shows that FLAC simulation captures very well the fundamental 
frequency of the shaking table model at approximately 1.6 Hz during this motion.  
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Figure 6.41.  Spectral Ratio of Surface Accelerometer A5 
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6.4.3.2 Sine Pulse with Frequency of 0.56 Hz (Motion # 4) 
The shaking table model dynamic response during Motion 4 (sine pulse with frequency of 4 Hz in 
model scale corresponds to sine pulse with frequency of 0.56 Hz in prototype scale) at 0.24g was 
simulated. The recorded time history at the accelerometer attached to shake table was baseline 
corrected (using a high-pass 4th order butterworth filter having a corner frequency of 0.25 Hz) before 
applying it in the FLAC model.  Figure 6.42 presents the base input motions acceleration time 
histories of the shaking table model. The FLAC model and the response spectra for these acceleration 
time histories are presented in Figure 6.43.  The figures indicate that the shaking table accelerometer 
and the FLAC input motion correlate well.  
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Figure 6.42.  Acceleration Time History of Base Input Motion 
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Figure 6.43.  Spectral Acceleration of Base Input Motions 
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Figure 6.44.  Spectral Acceleration of Surface Accelerometers A2 and A4 
 
Figures 6.44 and 6.45 present the response of the accelerometers A2, A4, and A5 located along the 
surface of the model.  The figures indicate that the general trend of higher spectral response at the top 
of the embankment (A4, A5 and A8) and lower values at the bottom of the model (A2 and A10) 
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occurs in both FLAC prediction and shaking table measurements.  The FLAC simulation for the 
accelerometer A2 at the lower part of the model is generally in good agreement with shaking table 
measurement.  For the FLAC simulation for accelerometer A4 and A5 located at the top of the 
embankment, the shape of the spectral acceleration curve predicted by FLAC is similar to the shaking 
table measurements.  However, the magnitude of the shaking measurements is higher than the FLAC 
prediction for all the cases. Factors summarized earlier in Section 6.4.3.1 might have contributed to 
this discrepancy. 
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Figure 6.45.  Spectral Acceleration of Surface Accelerometers A5 
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Figure 6.46.  Spectral Ratio of Surface Accelerometer A5 
 
The FLAC numerical simulation captures very well the fundamental frequency of the shaking table 
model at approximately 1.6 Hz as shown in Figure 6.46.   
6.4.3.3 Sine Pulse with Frequency of 1.55 Hz (Motion # 5) 
The shaking table model dynamic response during Motion 5 (sine pulse with frequency of 12 Hz in 
model scale corresponds to sine pulse with frequency of 1.55 Hz in prototype scale) at 0.08g was 
simulated.  Figure 6.42 and Figure 6.43 present the base input motions acceleration time histories and 
spectral accelerations of the shaking table model and the FLAC model. These figures show that 
shaking table accelerometer and the FLAC input motion correlate well.  There is a small discrepancy 
between the shaking table accelerometer and the FLAC input motion that may be attributed to the 
baseline correction described earlier in section 6.4.3.1. 
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Figure 6.47.  Acceleration Time Histories of Base Input Motions 
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Figure 6.48.  Spectral Accelerations of Base Input Motions 
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Figures 6.49 and 6.50 compare the predicted and measured acceleration response of the model at 
surface accelerometers A2, A4 and A5 during this test.  The general trend of the accelerometers 
located at the bottom of the model (A2) with the FLAC simulation prediction shows close agreement 
with the measured response.  It mirrors the findings observed during Motion 3 and Motion 4.  The 
match between shake table measurements and FLAC prediction for the accelerometers located at the 
top of the model (A4 and A5) is fair with the similar spectral response curves, and a big difference in 
the spectral acceleration values is noted.  These findings coincide with the observations during 
Motion 3 and Motion 4.  The FLAC spectral response of accelerometers located at the top of 
embankment is approximately 30% of the shake table measurements.  The shake table measurements 
suggest high dynamic response during Sine Pulse with frequency of 1.55 Hz, which coincides with 
the resonant frequency of the model. 
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Figure 6.49.  Spectral Acceleration of Surface Accelerometers A2 and A4 
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Figure 6.50.  Spectral Acceleration of Surface Accelerometer A5 
 
6.4.3.4 Recorded Earthquake Motion EQ 2 (Motion # 9) 
The dynamic response of the shaking table model was subjected to a motion recorded at the Redwood 
City location during the 1989 Loma Prieta earthquake (EQ 2, Motion # 9 in Table 6.1).  The FLAC 
simulation of the shake table models was performed for the acceleration time history and spectral 
acceleration response of the base input motion presented in Figures 6.51 and 6.52.  The FLAC 
simulation and the shake table measurements presented in Figures 6.53 and 6.54 show the dynamic 
response of the model at accelerometers A2, A4, A8 and A10.  Similarly, the FLAC response of the 
model close to bottom of the model matches with the shake table measurements.  The response of the 
top of the model obtained from the numerical and physical modeling techniques correlate well.  As 
presented in Figures 6.53 and 6.54, the shapes of the spectral acceleration curves predicted by FLAC 
are similar to the shaking table measurements.  However, the magnitude of the shaking table test 
measurements is higher than the FLAC simulation. 
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Figure 6.51. Acceleration Time Histories of Base Input motions  
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Figure 6.52.  Spectral Accelerations of Base Input Motions  
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Figure 6.53.  Spectral Acceleration of Surface Accelerometers A2 and A4 
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Figure 6.54.  Spectral Accelerations of Surface Accelerometers A8 and A10 
 
6.4.3.5 Recorded Earthquake Motion EQ 4 (Motion # 11) 
The FLAC prediction for dynamic response of the shaking table model during recorded earthquake 
EQ 4 (Motion # 11 in Table 6.1) suggests the similar trend observed during EQ 2.  Figures 6.55 and 
6.56 present the acceleration-time history and spectral acceleration response of the base input 
motions.  The FLAC prediction and shake table measurements given in Figures 6.57 and 6.58 show 
that the dynamic response of the model close to bottom of the model (A2 and A8) matches with shake 
table measurements.  Figures 6.57 and 6.58 suggest that the shapes of the spectral acceleration curves 
predicted by FLAC are similar to the shaking table measurements.  However, the magnitude of the 
shaking table test measurements is higher than the FLAC prediction. 
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Figure 6.55.  Acceleration Time Histories of Base Input Motions 
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Figure 6.56.  Spectral Accelerations of Base Input Motions 
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Figure 6.57.  Spectral Accelerations of Surface Accelerometers A2 and A4 
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Figure 6.58.  Spectral Accelerations of Surface Accelerometers A8 and A10 
 
6.4.4 Ground Motion Amplification in FLAC Simulation 
The observed amplifications (i.e., topographic amplification, site amplification, and apparent 
amplification) in FLAC simulation of shake table model were calculated by Eqs. 6.4 to 6.6. The 
FLAC prediction for the contribution of apparent, site and topographic amplifications to overall 
dynamic response during Motion 3 (sine sweep of 5-24 Hz in model scale corresponds to frequency 
sweep of 0.64 Hz -3.1 Hz in prototype scale) is presented in Figure 6.59.  The calculated apparent, 
site and topographic amplifications for both side slopes is presented as a function of frequency (at the 
prototype scale) and normalized frequency, defined as slope height/wavelength.  The figure indicates 
that the overall response of the embankment is largely governed by its site effects.  The peak site and 
apparent amplification at the top of embankment is reported at approximately 1.6 Hz, which 
corresponds to the natural frequency of the embankment.  These findings mirror that from Figure 
6.27.  The site amplification obtained from shake table test presented in Figure 6.57 perfectly matches 
with FLAC prediction.  However, the observed topographic amplification obtained from FLAC 
simulation does not coincide with the shaking table model tests findings presented in Figure 6.27.  
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While the shake table model test indicates that topographic amplification was concentrated over 
normalized frequencies in the range of 0.25 to 0.35, the FLAC simulation suggests deamplification 
over normalized frequencies in the range of 0.20 to 0.30.  Finally, the FLAC simulation suggests that 
topographic effects are not pronounced for the two side slopes during sine sweep Motion # 3.   
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Figure 6.59.  Observed Amplifications in FLAC Model during Motion 3 
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The observed topographic amplification in FLAC simulation during Motions 5, 9 and 11 were also 
studied in the same manner and the results are presented in Figures 6.60 through 6.62.  The FLAC 
simulation indicated that topographic amplification was generally concentrated over normalized 
frequencies in the range of 0.30 to 0.50 and it does not coincide with the shaking table model tests 
findings. While shake table model test indicates that topographic amplifications were concentrated 
over normalized frequencies in the range of 0.25 to 0.45. 
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Figure 6.60. Observed Topographic Amplification in FLAC Model during Motion 5 
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Figure 6.61. Observed Topographic Amplification in FLAC Model during EQ 2 (Motion 9) 
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Figure 6.62. Observed Topographic Amplification in FLAC Model during EQ 4 (Motion 11) 
 
6.5 Conclusions 
This section of the research project included shake table model testing of a cohesive embankment 
with different slope inclinations (45 degree on the right hand side and 55 degree on the left hand side 
of the model) conducted under suite of ground motions including both synthetic (frequency sweeps 
and sine pulses) and recorded earthquake ground motions.  The physical model test along with FLAC 
numerical modeling was completed to investigate topographic effects in the dynamic response of 
slopes and embankments.  The significant findings from this phase of study are summarized below: 
• The shake table model tests showed that the base input motions were amplified at all 
accelerometers located across the model; the maximum amplification was generally observed 
at the crest of the 55 degree slope. 
• Overall dynamic response of the shaking table model was largely governed by site 
amplification, particularly at its resonate frequency 1.6 Hz.  The contribution of surface 
topography to overall dynamic response was minimal. Higher apparent amplification, a 
combination of site and topographic amplification, was generally observed at the steeper of 
the two slope crests. 
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• While there was not a strong relation between observed amplifications (i.e., site, apparent and 
topographic) and ground motion characteristics (i.e., duration, intensity, frequency content), 
higher total amplification was observed with increasing input motion amplitude for some 
cases.  This is likely related to higher intensity motions which degrade the stiffness of the soil 
and thus the observed amplification may be due to of surface topography and site effects. The 
higher apparent and site amplifications were observed during the input motions having a 
frequency content similar to the model's resonant frequency. 
• Peak apparent and site amplifications were occurred near the 1.6 Hz resonant frequency of 
the shaking table embankment model.  Peak topographic response was concentrated over a 
normalized frequency in the range of 0.25 to 0.45. The observed topographic amplifications 
for the 55 degree slope were more pronounced than for the 45 degree slope.    
• The observed amplitude of topographic amplification at 55 degree slope of the shaking table 
embankment model was approximately 35-40% higher than the topographic amplification for 
the 45 degree slope of the model.  
• The FLAC simulation for dynamic response of the model and shaking table was generally in 
good agreement with shaking table measurement.  The FLAC simulation successfully 
predicted the shape of the spectral acceleration and the FLAC simulation captured well the 
fundamental frequency of the shaking table model at approximately 1.6 Hz.  
• Shake table test results suggested higher dynamic response at top of the embankment than the 
FLAC prediction for all cases. Factors that might have attributed to this discrepancy include: 
(i) differences arising from the Rayleigh damping scheme adopted in the numerical model to 
represent the actual damping of the soil in the shaking table model, (ii) additional material 
damping associated with plasticity based soil model used and (iii) FLAC simulations uses 
coarser time increment than the one in used in the shaking table test (Nasim, 2005). 
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• The FLAC simulation suggested that overall response of the embankment was largely 
governed by its one dimensional site response.  The peak site and apparent amplification at 
top of embankment was noted approximately at 1.6 Hz, which corresponds to the natural 
frequency of the embankment.  These findings matched with shake table test measurements.    
• The observed topographic amplification obtained from FLAC simulation did not coincide 
with the shaking table model tests findings. The shake table model test indicates that 
topographic amplifications were concentrated over normalized frequencies in the range of 
0.25 to 0.45, while the FLAC simulation indicates this occurs over normalized frequencies in 
the range of 0.30 to 0.50.  For some cases, the FLAC simulations showed deamplification 
over the normalized frequency in the range of 0.25 to 0.30. 
• This study demonstrates the viability of using physical modeling to study site and 
topographic effects in earth structures and systems. 
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CHAPTER 7: TOPOGRAPHIC EFFECTS IN CENTRIFUGE MODEL TEST 
 
7.1 Introduction  
Topographic effects can results in damage concentrations near the crests of slopes, and the 
different amplitude and frequency content of strong ground motion across slopes, ridges, and 
canyons [e.g. Hartzell et al. (1994), Pedersen et al. (1994), Shakal et al. (1988, 1994), and 
Spudich et al. (1996)].  As previously discussed in Chapter 5, researchers studied this 
phenomenon considering few field recordings and numerical simulation techniques such as finite 
element and finite difference analyses [e.g. Sitar and Clough (1983), Ashford and Sitar (1994, 
1997), Ashford et al. (1997), Gazetas (2001), Assimaki et al. (2004), Assimaki and Gazetas 
(2004), Bouckovalas and Papadimitriou (2004, 2005)].  Recently, an alternative simulation 
technique, physical modeling technique has been recognized as a powerful and largely 
overlooked approach for studying the influence of topography on ground motion.  This chapter 
discusses topographic effects observed in centrifuge model test of an embankment and compares 
these with the findings of numerical studies by others.  
The observed topographic amplification in the centrifuge model test, which was previously 
performed as part of a larger study with the primary objective of examined the seismic stability of 
embankments and slopes (Nasim, 2005), is presented in the chapter later.  The main objectives of 
the present chapter are the followings:  
• To document topographic, site and apparent (total) amplification measured in the 
physical model tests 
• To investigate the affect of ground motions characteristics (intensity, frequency content 
and duration) on the measured amplification in the physical model tests 
• To study the affect of slope inclination on topographic amplification 
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• To document, if any, the difference in the patterns of topographic amplification in 
cohesive and granular materials by compare the findings presented in Chapter 6 
7.2 Details of Centrifuge Model Test 
The centrifuge test was performed as part of a larger study that examined the seismic stability of 
embankments and slopes (Nasim, 2005).  The centrifuge model was intended to simulate a 10.5 m 
high prototype sand embankment ( rD =50%) overlying a 4.5 m foundation layer consisting of 
dense sand ( rD =80%).  The side slopes of the model were inclined at 30 degrees (left slope) and 
25 degrees, and both the embankment and the foundation layer were unsaturated.  Dimensions 
and properties of the model are reported at the prototype scale in the remaining portion of this 
article.  Figure 7.1 shows a cross section of the centrifuge model along with the instrumentation 
referenced in this article (the locations of other instrumentation, which included displacement 
transducers and accelerometers, are omitted from the Figure 7.1 for clarity).  The model was 
constructed using Nevada sand No.120, rounded to sub-rounded fine sand.  Grain size distribution 
of model material Nevada sand No.120 is presented in Figure 7.2.  The specific gravity of the 
sand was 2.68, while its maximum and minimum void ratios were maxe =0.894 and mine =0.516, 
respectively.   
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Figure 7.1.  Centrifuge Model Geometry and Instrumentation Plan in Prototype Scale  
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The experiments were conducted at Rensselaer Polytechnic Institute (RPI), located in Troy, New 
York. The RPI geotechnical centrifuge is a model Acutronic 665-1 device with 3-m radius and 
150-g ton capacity.  An electro hydrodynamic shaker installed on the centrifuge platform 
produces in-flight earthquake shaking at the base of the soil.  The nominal operating frequency 
range is 20 Hz to 600 Hz with the maximum stroke (i.e. peak-to-peak displacement of the slip-
table) of 3.2 cm.  The model was built in a rigid-wall model container with inner dimensions of 
0.88 m (length), 0.37 m (width), and 0.36 m (height).  A transparent side window allowed the 
model to be observed during testing using an in-flight video recording system.  Sand paper was 
affixed to the inner base surface of the container to provide a high degree of interface friction 
between the box and the soil base.  
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Figure 7.2.  Grain Size Distribution of Model Material, Nevada Sand No. 120 (after Cooke 2000) 
 
The model was subjected to a suite of ground motions including both synthetic (0.4-4 Hz range 
frequency sweeps and sine pulses) and a recorded earthquake motion scaled to different 
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amplitudes. The ground motion was recorded at the Redwood City ground motion station during 
the 1989 Loma Prieta earthquake. The model was subjected to total 26 motions of progressively 
increasing amplitude; detailed information on centrifuge model and input motions was presented 
by Nasim, 2005.  In this chapter topographic effects in centrifuge model tests were investigated 
for total 14 input motions, broad band frequency sweeps and recorded at the Redwood City 
ground motion.  Table 7.1 summarizes the details of ground motions used in investigation of 
topographic effects in centrifuge test series. 
Table 7.1.  Details of Ground Motions Used in Centrifuge Model Test 
No Motion Type Amplitude
(g) 
Predominant 
Frequency 
(Hz) 
Arias 
Intensity 
Ia (m/sec) 
Significant 
Duration 
D5-95 (sec) 
Mean 
Frequency 
(Hz) 
1 Sine Sweep 0.017 0.4 - 4 0.009 22.02 1.99 
2 Sine Sweep 0.004 0.4 - 4 0.001 43.80 2.66 
3 Sine Sweep 0.058 0.4 - 4 0.120 17.60 1.98 
4 Redwood City 0.096 1.27 0.281 14.775 1.15 
5 Redwood City 0.213 1.27 1.869 26.85 1.568 
6 Redwood City 0.246 1.27 2.586 27.45 2.05 
7 Sine Sweep 0.287 0.4 - 4 3.458 21.70 6.00 
8 Sine Sweep 0.375 0.4 - 4 3.986 21.65 7.01 
9 Sine Sweep 0.375 0.4 - 4 3.986 21.65 7.01 
10 Sine Sweep 0.441 0.4 - 4 4.35 21.52 7.57 
11 Redwood City 0.279 1.27 3.316 28.47 2.95 
12 Redwood City 0.261 1.27 3.232 28.07 2.62 
13 Redwood City 0.425 1.27 3.790 28.60 3.70 
14 Redwood City 0.366 1.27 4.051 28.85 3.96 
 
Note: 
1. Ground motion parameters were calculated using the shaking table accelerometer 
2. Mean frequency was calculated after Rathje et al. (1998)  
3. Significant duration was calculated after Trifunac and Brady (1975) 
4. Arias intensity was calculated after Arias (1970) 
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7.3 Results of Topographic Amplification in Centrifuge Model Test 
The centrifuge model test was subjected to a series of moderate to high intensity earthquakes; the 
model experienced relatively little permanent deformation during the test series (Nasim, 2005).  
The limited deformation that did occur resulted from densification of the sand rather then 
shearing.  Accelerations were recorded at a 3000 Hz sampling frequency during the tests.  The 
acceleration time histories recorded during input motions were baseline corrected using a 4th 
order Butterworth filter with a corner frequency of 0.075 Hz.  The amplification of ground 
motions was studied by comparing the near surface accelerometers in the frequency domain 
accordance with the scheme developed by Ashford and Sitar (2002).  Nasim (2005) studied the 
centrifuge model test with respect to topographic amplification phenomenon in time domain.  
Topographic amplification was computed using Arias intensity and peak ground acceleration 
(PGA).  The pattern of amplification defined by PGA and Arias intensity indicates that the 
contribution from topographic amplification was minimal (Nasim, 2005).   
Amplifications (i.e., topographic amplification, site amplification, and apparent amplification) 
used in this study were defined as follow accordance with Ashford and Sitar (2002):  
“Topographic amplification”, defined as the amplification of the free-field motion at the crest:  
Emb
Embcrest
t PSa
PSaPSa
PA
))((
))(())((
))((
−=    (7.1) 
‘‘Site amplification,’’ defined as the amplification of the soil column at the middle location of the 
model relative to that at the base of the model:  
base
baseEmb
s PSa
PSaPSa
PA
))((
))(())((
))((
−=    (7.2) 
‘‘Apparent amplification,’’ defined as the amplification of the motion between the base and the 
crest of the model: 
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In these equations: 
embPSa ))((   = Acceleration response spectra ordinate for accelerometer located at the 
midpoint of the upper part of the embankment (similar is some respects to the “free field” used in 
Ashford and Sitar’s (2002) amplification definition) [corresponds A5 in the model] 
crestPSa ))((   = Acceleration response spectra ordinate for accelerometer located at the slope 
crest [corresponds A3 or A8 in the model] 
basePSa ))((  = Acceleration response spectra ordinate for base motion [corresponds A12 in 
the model] 
In the absence of real free field recordings, the middle top portion of the embankment (A5) was 
assumed as a free field recording.  Equations 7.1 to 7.3 were defined according to this 
assumption.  By treating topographic and site amplification separately allows their individual 
contributions to total ground motion amplifications (Ashford and Sitar, 2002).  The following 
section considers the dynamic response of the model during a single test, after which trends in the 
larger database of tests is discussed. 
7.3.1  Observed Amplifications during Test 1 
Test 1 involved a low amplitude sine sweep input motion (Table 7.1) that did not cause any 
measurable permanent deformation of the model.  Figure 7.3 shows contours for peak horizontal 
ground acceleration (PGA) developed from a dense accelerometer array located within the model.  
The peak ground acceleration at the crest of 30 degree (left) slope and middle of the embankment 
was approximately 0.04g, while the PGA at the crest of the 25 degree (right) slope was a slightly 
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lower 0.035g.  The figure shows that PGA values at crest of 30 degree slope and the middle top 
of the model are almost equal and thus indicating that there is virtually no topographic 
amplification of this parameter.  
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Figure 7.3. Peak Ground Acceleration (PGA) Contours during 1st Test Motion (Sine Sweep 0.5 Hz-4 Hz) 
With Amplitude of 0.017g 
 
Figure 7.4 presents the acceleration response spectra for each of the surface accelerometers.  
Figure 7.4 shows that the accelerometers along the top of the embankment (A3, A5 and A8) have 
relatively high spectral accelerations, the largest being A3 located at the crest of 30 degree slope.  
The higher response at this location top of the steeper slope is a consequence of surface 
topography.  Figure 7.4 also shows that the response spectra of motions recorded along the 30 and 
25 degree slopes progressively increase with elevation.  Also note the high degree of spatial 
variation in the frequency characteristics of the motion across the model.  Accelerometers at the 
crest (A3 and A8) show a peak response at 4.5 Hz as compared with 6.0 Hz along the top middle 
of the embankment (A5).  
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Figure 7.4. Spectral Accelerations of Surface Accelerometers during Test 1  
 
Figure 7.5 presents the calculated apparent, site and topographic amplifications as defined by 
Equations 7.1 through 7.3 for both side slopes  The results are presented as a function of 
frequency (at the prototype scale) and normalized frequency, defined as slope height/wavelength.  
This and comparable normalized frequency scale used in previous studies of topographic 
amplification by Ashford et al. (1997).  Overall, it is clear that overall response of the 
embankment is largely governed by its site effects, with topographic effects playing a much less 
significant role.  Peak response in the middle-top portion (A5) of the embankment occurs at about 
5.5 Hz., which corresponds to the natural frequency of the embankment (Nasim, 2005).  
Topographic effects are shown to be significant over normalized frequencies in the range of 0.25 
to 0.45.  This corroborates well with the Ashford et al. (1997), who found that peak topographic 
response, occurs at a normalized frequency of 0.2.  Finally, note that topographic effects are 
slightly more pronounced for the steeper for the two slopes.   
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Figure 7.5.  Observed Amplifications during 1st Test Motion on 30 and 25 Degree Slopes of Centrifuge 
Model (Amplifications were based on Eqs. 7.1-7.3) 
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7.3.2  Topographic Amplification during Full Test Series of Input Motions 
It is interesting to consider topographic amplification over the full test series, which consisted of 
input motions having different amplitude and frequency characteristics (Table 7.1).  For brevity, 
only the steeper of the two slopes (30 degrees) will be discussed, though it is noted that similar 
trends were found for both slopes.  Figures 7.6 and 7.7 present topographic amplification during 
the low (PGA < 0.06g) and high amplitude (0.20g < PGA < 0.45g) sine sweep input motions, 
respectively.  The frequency sweep motions consisted of a four second ramping windows at the 
beginning and at the end of the full amplitude motion.  The input frequency linearly increased 
from 0.4 Hz to 4 Hz during the 30 second duration of the motions.  Comparing these figures, the 
following observations can be made: (i) topographic effects are significant in the normalized 
frequency range of 0.25–0.45 for the low amplitude motion (Figure 7.6), and at a normalized 
frequency of 0.2 for the larger amplitude input motion (Figure 7.7), and (ii) comparatively more 
topographic amplification occurs for the low versus the high amplitude test motions. 
Topographic attenuation was observed in Figure 7.6 at 0.45 normalized frequency and also in 
Figure 7.7 at 0.3 normalized frequency. In other words topographic attenuations was concentrated 
around 5.5 Hz that is the fundamental frequency of the model. This is the evident that the model 
is showing a peak response at the middle top portion (A5) at 1D fundamental frequency 5.5 Hz. 
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Figure 7.6. Observed Topographic Amplifications during Tests 1-3 on 30 Degree Slope (At Accelerometer 
A3) of Centrifuge Model (Amplifications were based on Eqs. 7.1-7.3) 
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Figure 7.7. Observed Topographic Amplifications during Tests 7-10 on 30 Degree Slope (At 
Accelerometer A3) of Centrifuge Model (Amplifications were based on Eqs. 7.1-7.3) 
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Figure 7.8. Observed Topographic Amplifications during Tests 4-6 on 30 Degree Slope (At Accelerometer 
A3) of Centrifuge Model (Amplifications were based on Eqs. 7.1-7.3) 
 
Figures 7.8 and 7.9 show topographic amplification during the tests conducted using the Loma 
Prieta input motions.  Figure 7.8 corresponds to the low amplitude motions (input PGA = 0.10g to 
0.25g), or Tests 4-6, while Figure 7.9 shows the high amplitude motions (input PGA = 0.28g to 
0.42g), or Tests 11-14. The results show remarkable consistency in the peak topographic 
amplification at normalized frequency of 0.20 regardless of the input motion amplitude.  The 
levels of amplification mirror the results shown in Figures 7.6 and 7.7, with higher input motions 
yielding lower degrees of topographic amplification. 
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Figure 7.9.  Observed Topographic Amplifications during Tests 11-14 on 30 Degree Slope (At 
Accelerometer A3) of Centrifuge Model (Amplifications were based on Eqs. 7.1-7.3) 
 
7.3.3  Overview of Topographic Amplification at 30 Degree Slope 
Figure 7.10 summarizes topographic amplification at 30 degree slope crest for all motions over 
the full test series.  Figure 7.10 (a) shows that peak topographic response ranges over normalized 
frequencies of 0.25 to 0.45 during lower amplitude input motions, while Figure 7.10 (b) indicates 
that peak response is largely centered at normalized frequency of 0.20 for the larger amplitude 
test motions.  It is important to note that soil non-linearity effects become significant for the large 
amplitude motions, and hence, the offset in peak frequency response between the high and low 
amplitude tests may be the result of frequency normalization based on low strain modulus 
properties of the soil.  If lower, strain-compatible shear wave velocities were adopted, the peak 
frequency would shift to a slightly higher normalized frequency.   
 
 
263 
 
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Slope Height/Wavelength
-0.5
0
0.5
1
1.5
2
2.5
 T
op
og
ra
ph
ic
 A
m
pl
ifi
ca
tio
n
Input Motions with lower amplitude (<0.06g)
 
(a) 
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Slope Height/Wavelength
-0.5
0
0.5
1
1.5
2
2.5
 T
op
og
ra
ph
ic
 A
m
pl
ifi
ca
tio
n
Input Motions with higher amplitude (>0.20g)
 
(b) 
Figure 7.10. Observed Topographic Amplifications at 30 Degree Slope of Centrifuge Model during (a) 
Input Motions with Lower Amplitude (PGA<0.06g) and (b) Input Motions with Higher Amplitude 
(PGA>0.20g) 
 
7.3.4  Overview of Topographic Amplification at 25 Degree Slope 
Figure 7.11 summarizes topographic amplification at 25 degree slope crest for the full test series.  
Similarly, Figure 7.11 (a) shows that peak topographic response ranges over normalized 
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frequencies of 0.25 to 0.45 during lower amplitude input motion, while Figure 7.11 (b) indicates 
that peak topographic amplification is largely centered at approximate normalized frequency of 
0.20 for the larger amplitude test motions.  It is coincide with the trend observed in Figure 7.10 
topographic amplification at 30 degree slope.  It is important to note that slope inclination effects 
on topographic amplification become noticeable for the high and low amplitude tests presented in 
Figures 7.10 and 7.11.  The amplitude of topographic amplification at 30 degree slope is 
approximately 20-25% higher than the topographic amplification at 25 degree slope.  
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Figure 7.11.  Observed Topographic Amplifications at 25 Degree Slope of Centrifuge Model during (a) 
Input Motions with Lower Amplitude (PGA<0.06g) and (b) Input Motions with Higher Amplitude 
(PGA>0.20g)  
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7.4 Conclusions 
This study demonstrates the viability of using centrifuge modeling technique to study site and 
topographic effects in earth structures and systems.  Results presented in Figure 7.12 shows the 
observed topographic amplifications at 30 degree and 25 degree slopes during the full test series.  
The main findings of this study are the followings: 
• Overall dynamic response of the embankment was largely governed by site effects, 
particularly at its resonate frequency of approximately 5.5 Hz.  Topographic effects 
playing a much less significant role; nevertheless, significant amplification did occur at 
normalized frequencies of approximately 0.20 to 0.45 as shown in Figure 7.12. 
• While there is not remarkable relation between observed topographic amplification and 
frequency content and duration of ground motions, the amplitude of ground motion play 
significant role in measured topographic amplification in centrifuge model test.  Peak 
topographic response ranges over normalized frequencies of 0.25 to 0.45 for lower 
amplitude input motions (PGA<0.06g), while peak response is largely centered at 
approximately 0.20 for the larger amplitude test motions (PGA>0.20g). It is important to 
note that soil non-linearity effects become significant for the large amplitude motions, 
and hence, the offset in peak frequency response between the high and low amplitude 
tests may be the result of frequency normalization (for computation of wavelength) based 
on low strain modulus properties of the soil. 
• This study shows that effects of slope inclination on topographic amplification are 
noticeable for both high and low amplitude input motions.  The amplitude of topographic 
amplification at 30 degree slope is approximately 20-25% higher than the topographic 
amplification at 25 degree slope. 
• The findings of the study provide studies are well correlated with the findings of previous 
studies by others.  For example, the work of Ashford et al. (1997) which found that peak 
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topographic response occurs at a normalized frequency of 0.20 and it shows a good 
correlation with the present study. The results also mirror generally similar trends noted 
by Stewart and Sholtis (2005) for a full scale cut slope. 
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(b) 
Figure 7.12.  Observed Topographic Amplifications during Full Series of Test at (a) 30 Degree Slope and 
(b) 25 Degree Slope of Centrifuge Model  
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In general, there was significant spatial variation in the amplitude and frequency content across 
the embankment. Topographic effects were most pronounced for the tests involving low 
amplitude input motions. Finally, this study demonstrates the viability of using physical modeling 
to study site and topographic effects in earth structures and systems. 
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CHAPTER 8: CONCLUSIONS 
 
8.1 Summary 
The dynamic response of slopes and earth structures during seismic events is an important issue 
in geotechnical engineering.  In particular, there has been considerable interest in evaluating the 
effects of surface topography on the seismic performance of slopes and embankments, including 
consideration of amplitude and frequency characteristics of strong ground motion during seismic 
events.  Intensive damage and high dynamic response has been observed near crest of slopes 
during numerous earthquakes.  Field observations from past earthquakes, analytical procedures, 
and numerical modeling techniques have all been used to evaluate the surface topography effects 
on the dynamic response of slopes and embankments.  Currently, physical modeling is seeing 
growing use in the geotechnical community for studying this kind of complex problem.  The 
research study presented herein involved a physical model-based experimental study, along with 
numerical simulations, to investigate the effects of topographic amplification in overall dynamic 
response of slopes and embankments. In addition to the topographic amplification study, an 
extensive experimental study was performed to investigate the applicability and validity of 
established similitude laws for 1-g physical modeling under dynamic and static loading 
conditions.  The repeatability and reliability of 1-g physical model test was also investigated in 
this experimental research study. 
Physical model experiments were conducted on the 135-cm by 107-cm single-degree-of-freedom 
The Drexel University E.E. Cruz Shaking table located in the Hess Engineering Laboratory 
complex on the main campus of Drexel University.  Experimental study was completed in three 
phases. The first phase of the study investigated the accuracy of similitude laws developed for 1-g 
physical model tests using a “modeling-of-models” approach whereby model tests of the same 
prototype were repeated at different scaling factors.  The modeling-of-models experimental study 
269 
 
involved three small-scale laboratory-built cohesive slopes tested under static loading conditions 
and three additional small-scale laboratory-built cohesive embankments having different 
geometric scaling factors (λ) and tested under dynamic loading conditions.  The models were 
constructed using a "model clay," a saturated mixture of kaolinite and bentonite. The first set of 
small-scale laboratory-built cohesive slopes was tested under an applied footing load.  The second 
set of small-scale cohesive embankments were subjected to a suite of ground motions comprised 
of both synthetic and real earthquake motions that varied in frequency, duration and amplitude.  
The largest models of these two sets of experiments were considered as the “prototype" earth 
structures and the other two smaller models’ geometry, strength, low-strain properties (shear 
modulus), and frequency content of the input motions were adjusted by applying the laws of 
similitude shown earlier in Table 3.1 to reflect the reduced scale of models.   
The second phase of the study investigated the reliability and repeatability of 1-g physical model 
tests under dynamic and static loading conditions by performing two identical small-scale model 
tests under controlled and identical conditions.  The study assessed the degree to which soil 
properties vary within small-scale models and how factors such as model and soil preparation and 
container boundary treatments affect the reliability of test results.  
The last phase of the research considered the effects of topography on overall seismic 
performance by conducting shake table model tests with different slope inclinations (45 degrees 
and 55 degrees).  Dynamic response of the shake table model test was numerically simulated 
using the two-dimensional finite difference program FLAC.  Hence, both physical and numerical 
modeling techniques were employed in parallel to understand contribution of topographic 
amplification to the overall dynamic response of slopes and embankments.  In addition, a 
previously performed centrifuge model test conducted as part of a larger study that examined the 
seismic stability of embankments and slopes (Nasim, 2005) was studied to document the 
difference in the patterns of topographic amplification in cohesive and granular materials by 
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comparing the observed topographic amplification of the 1-g physical model test with that of the 
centrifuge model test.  
8.2 Conclusions 
8.2.1 “Modeling-of-Models” Experimental Study under Static Loading Condition 
The “modeling-of-models” laboratory exercise conducted under static loading conditions 
provided experimental verification for theoretically established similitude laws for a 1-g 
environment.  The results of small-scale models of the same prototype with different scaling 
factors were extrapolated to “prototype” scale by applying similitude laws to make direct 
comparison. The significant findings from this phase of study are summarized below: 
• The response of the models under static loading conditions (slow rate of loading), 
reflecting the strain-softening nature of the model clay, where a peak resistance 
(considered here as failure) was observed for all tests followed by a gradual reduction in 
load with continued displacement.  
• The pre-failure load-deformation response of the models was similar, but shown to be 
"softer" for smallest model.  This suggested that the low strain stiffness of the model clay 
does not scale in direct proportion to its undrained shear.   
• The models generally exhibited similar stress-strain characteristics as the prototype; 
nevertheless, ultimate capacity of the smallest model is about 25% lower than that would 
have been expected based on the similitude relationships.  
• The deformation response of the models along middle section was generally similar; 
deformations under applied footing load were distributed along the height of the models 
and accumulations of these deformations resulted in deep rotational shear surface. 
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• Differences noted in ultimate capacity and location of failure surfaces of the models were 
attributed to boundary effects and minor spatial variation in model properties, rather then 
the similitude relationships.  
• Based on this research, it is believed that the laws governing similitude of cohesive 
models under 1-g conditions are valid.  When developing a 1-g physical modeling 
experimental program, it is important to take boundary conditions into account, 
especially when the model is relatively narrow, or when the model is large enough to 
have significant interaction with the sidewalls. It is also important to recognize that 
spatial variability in boundary conditions, strength, and water content of the model 
materials is an inherent part of many model programs, and can in some instance affect the 
experimental results. 
8.2.2 “Modeling-of-Models” Experimental Study under Dynamic Loading Condition 
The modeling-of-models laboratory exercise conducted in a 1-g environment under dynamic 
loading considered the behavior of cohesive model slopes at both small (low-strain shear 
modulus) and large strains (failure).  Models of the same prototype were extrapolated to the 
prototype scale to make a direct comparison.  The significant findings from this phase of study 
are summarized below: 
• The post-test profiles obtained by surveying each model with track-mounted survey 
device along its middle section were generally similar for all three models with minor 
variation (maximum 2 cm) in the magnitude of deformations.  
• Failure surfaces within the models obtained by digitizing the deformed spaghetti strands 
showed that deformations were distributed along the height of the model and localized 
along a single failure surface.  This indicates that the models have a similar failure 
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mechanism, with deep rotational and translational displacements passing through toe of 
the slopes.  
• The resonant frequency of the models in the “prototype” scale was in the range of 6.1 Hz 
to 6.5 Hz and there was only a small difference in the pre-test fundamental frequencies of 
the models.  
• The amplification of the base input motions through the models was generally consistent.  
The amplified peak ground acceleration of low amplitude synthetic motions at top of the 
smallest model was higher than the others.  This variation can be explained with the 
difference in low strain stiffness of the models.   
• The shear wave velocity and undrained shear strength of the model clay based on the 
similitude laws cannot be obtained simultaneously by adjusting the water content of the 
model clay.  The lower strain stiffness of the model clay does not properly scale with 
adjusting the water content of model clay.   
• Based on this research, it is believed that the developed similitude laws for shaking table 
model tests are sound.  Observed minor differences in the dynamic characteristics and 
fundamental frequency of the models is due to the lack of complete similitude in the 
stiffness (shear modulus) of the models. 
8.2.3 Repeatability and Reliability of 1-g Physical Model Tests 
The main findings of the repeatability and reliability study for two identical small-scale 1-g 
model tests under controlled and identical conditions are as follows:   
• The 1-g small-scale models’ response under an applied static load was repeatable with 
similar deformation response, pre-failure stress-strain characteristics, and failure 
mechanisms.  However, differences were noted in (i) ultimate capacity of models (13% 
273 
 
difference), and (ii) locations of failure surfaces of the models.  These differences are 
believed to be related to variation in footing load during the load application process.  
• The response of identical 1-g physical models under dynamic loading (deformation 
characteristics and failure mechanisms) was consistent.  Yet, minor differences were 
observed in the deformation amplitudes and resonant frequency of the models.  The 
differences are believed to be related to differences in the base input motions. 
• The 1-g physical modeling technique was well-controlled, especially model soil 
preparation and model construction.  The variation of soil properties (water content, 
undrained shear strength and shear wave velocity) was negligibly small.   
• Shake table performance was repeatable and the variation in table response (i.e.; peak 
ground acceleration, spectral acceleration of the base motions) was negligibly small 
during high amplitude recorded earthquake motions and low amplitude frequency sweep 
motions.   
• The main source of uncertainty in the 1-g physical modeling technique related to the 
boundary conditions.  The small-scale shake table tests showed that dynamic response of 
the soil located in close proximity to rigid boundary container walls responded less 
intensely than soil near the middle of the model.   
• The sliding block tests and small scale shake table tests with different interface materials 
demonstrated that the most efficient lubrication method to minimize the friction 
resistance between model container and models was the "sheet method," which involved 
the use of two plastic sheets.   
8.2.4 Observed Topographic Amplification on Shake Table Model Test 
Topographic effects in dynamic response of slopes and embankments were studied using the 
shake table model test with different slope inclinations (45 and 55 degrees) along with FLAC 
numerical simulations.  The significant findings from this phase of study are summarized below: 
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• The base input motion was amplified at all accelerometers located along the top of the 
model, with the maximum amplification generally observed at 55-degree slope crest. 
• Overall dynamic response of the shaking table embankment model was largely governed 
by site amplification, particularly at it's resonate frequency 1.6 Hz. The contribution of 
surface topography to overall dynamic response was minimal. Higher apparent 
amplification resulting from a combination of site and topographic amplification was 
generally observed at the steeper crest of the two slopes. 
• While a strong relation between observed total amplification and intensity of base input 
motion, was not found, higher amplification was generally observed with increasing input 
motion amplitude.  This can be related to higher intensity motions that reduce the 
stiffness of the soil and, as such, the observed amplification is thought to be due to a 
combination of surface topography and site effects.  
• Peak apparent and site amplifications were concentrated at the resonant frequency of the 
model embankment (1.6 Hz).  Peak topographic response was generally concentrated 
over normalized frequency in the range of 0.25 to 0.45.  
• The observed amplitude of topographic amplification for the 55-degree slope of the 
shaking table model embankment was approximately 35-40% higher than the topographic 
amplification at the 45-degree slope of the model.  
• This study demonstrates the viability of using 1-g physical modeling to study the 
contributions of site and topographic effects in overall dynamic response of earth 
structures. 
• Dynamic response computed by the FLAC numerical model and shaking table was 
generally in good agreement with the shaking table measurement.  The FLAC simulation 
successfully predicted the shape of the spectral acceleration and captured very well the 
fundamental frequency of the model.  
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• For all the cases, the shake table test results suggested higher dynamic response at top of 
the embankment than the FLAC simulation.  Factors that might have attributed to this 
discrepancy include: (i) differences arising from the Rayleigh damping scheme adopted 
in the numerical model to represent the actual damping of the soil in the shaking table 
model, (ii) additional material damping associated with plasticity based soil model used, 
and (iii) use of an overly coarse time increment in the numerical simulations (Nasim, 
2005). 
• The FLAC simulation indicated that overall response of the embankment was largely 
governed by its site effects.  The peak site and apparent amplification at top of 
embankment was approximately at 1.6 Hz, which corresponds to the natural frequency of 
the embankment.  This finding matched the shake table test measurements.    
• The observed topographic amplification obtained from the FLAC simulation did not 
perfectly coincide with the shaking table model tests findings. While shake table model 
test indicates that topographic amplifications were generally concentrated over 
normalized frequencies in the range of 0.25 to 0.45. The FLAC simulations indicated this 
would occur over normalized frequencies in the range of 0.30 to 0.50.  In some cases, the 
FLAC simulation showed deamplification over the normalized frequency in the range of 
0.25 to 0.30. 
8.2.5 Observed Topographic Amplification on Centrifuge Model Test 
Topographic effects in the dynamic response of slopes and embankments were evaluated for the 
centrifuge model test previously performed by Nasim (2005) with different slope inclinations (25 
and 30 degrees).  The significant findings from this phase of study are summarized below: 
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• Overall dynamic response of the centrifuge embankment model was largely governed by 
site effects, particularly at its resonate frequency of 5.5 Hz.  Topographic effects played a 
much less significant role in overall dynamic response. 
• While there was no remarkable relation between observed topographic amplification and 
frequency content and duration of ground motions, the amplitude of ground motion 
played a significant role in measured topographic amplification in the centrifuge model 
test.  Peak topographic response ranged over normalized frequencies of 0.25 to 0.45 for 
lower amplitude input motions (PGA<0.06g), while peak response is largely centered at 
approximately 0.20 for the larger amplitude test motions (PGA>0.20g). It is important to 
note that soil non-linearity effects become significant for the large amplitude motions, 
and hence, the offset in peak frequency response between the high and low amplitude 
tests may be the result of frequency normalization (for computation of wavelength) based 
on low strain modulus properties of the soil.   
• The observed acceleration amplitude of topographic amplification for the 30-degree slope 
was approximately 20-25% higher than the topographic amplification at 25-degree slope.  
• The topographic amplification in centrifuge model test corroborated with the findings of 
previous studies Ashford et al. (1997) and Stewart and Sholtis (2005). 
• This study demonstrates the viability of using centrifuge-based physical modeling to 
investigate the contributions of site and topographic effects in overall dynamic response 
of earth structures. 
8.3 Recommendations for Future Research 
In addition to the research effort presented here in, the future research would be beneficial on 
following topics: 
• Conducting additional shaking table tests for the same prototype considered in the current 
“modeling-of-models” experimental study with higher scaling factor.  To achieve this, 
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the shaking table laboratory tests should be conducted in a research facilities having 
larger shaking table. 
• Performing additional physical model tests to investigate the repeatability of the 1-g 
physical modeling technique.  
• Performing a research to investigate the way of simultaneously obtaining lower strain 
stiffness, shear wave velocity and undrained shear strength of the model clay based on 
the similitude laws. 
• Performing additional numerical analysis with the calibrated models to investigate the 
fundamental mechanism of topographic amplification. Additional numerical analyses 
should be performed to assess the variation of surface topography, slope height, and slope 
inclination on topographic amplification. 
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